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I, INTRODUCTION

1. Cosmic rays were first cetected more than 50 years ago and égter a
terrescial origin was disproved they were first taken to be y-rays. O£l§ when
trney were found to be deflected in the earth's magnetic field was it realized
thatv they are charged particles. Until a few years ago there was no direct
evidence for the presence of hard radiation from the cosmos. In 1957 x-rays
were first detected from the sun by the NRL group (1], but only in the last
two or three years have x-fay sources which lie outside the solar system been
detected and y-ray observations been attempted. |

From the theoretical standpoint it is clear that since a flux of charged
particles is known to be present in the cosmos, fluxes of energetic quanta
must always be present since there are many mechaﬁisms which give rise to
photons as secondary quanta. At present, many of the observations of high
energy photons are very preliminary and, in some cases, contradictory. However,
it is clear that the interpretation of these observations can provide significant
information on a large number of’astfonbmical problems. Of special interest
are questions of cosmology, and the early observational data was soon employed
as a means of testing cosmological theories. Actually, fﬁrther interpretation
of the data already available may provide additional‘answers to cosmological
guestions. The data itself is difficult to come by, because of thé necessity
of carrying photon detectoré above the earth's absorbing atmosphere by means of
balloons, rockets, or satellites. In this article we shall not attempt to des-
cribe the ingenious techniques developed for carrying out such -observations,

and shall concentrate on the problem of the interpretation of the results.

However, on occasion we shall comment on the question of whether certain experi-

menval results are suspect.2
2
A number of other reviews of x-ray and y-ray astronomy are also available:




SSSR
V. L. GINZ3URG and S. I. SYROVATSKY: Uspekhi Fiz. Nau}%'f)wu, 201 (1964) translation

ir. Space Science Reviews (to ve puolished) - S. HAYAKAWA and M, MATSUOKA: Prog.
Thecr. Phys. Suppl. (Lo be published) - S. HAYAKAWA, H. OKUDA, Y. TANAKA, and |
Y. YRENOTO: Prog. Theor. Phnys. Suppl. (to oe published).=~ Discussions of the
technigues which are used to Aetect hard quanta are given by: G. GARMIRE and
W. L. KRAUSHAAR: Space Science Reviews (to be published) - R. GIACCONI and

H. GURSKY: Space Science Reviews (to be published) - G. G. FAZIO: Ann. Rev.

Astronomy and Astrophysics (to ve published).

There are essentially three general sources of uncertainty involved in the
interpretation of the observations on energetic photons: (1) experimental un-
certainties or errors, (2) uncertainties in the calculations of the basic
physical processes which produce the photons, and (3) uncertainties in the
astronomical parameters employed in calculating the photon flux. Usuaily this
last source of uncertainty is the most serious; for éxample, the mean gas density,
(low energy) steilar photon density, magnetic field, and cosmic ray (proton)
intensity in the Gélaxy and intergalactic medium are known -only approximately
and in some cases may be different by several ordefs of magnitude. Moreover,
the photon flux received from sources at great distances depends on the detailéd
structure of the universe.

The basic physical processes responsible for photdn production may be
summarized as follows: 1) Bremsstrahlung is emitted in the interaétion of
charged particles with matter. It results from e-p COULOMB scattering at.non-
relativistic energies and from both e~-p and e-e scatterings at relativistic
energies. 2) The COMPTON scattering of a low energy thermal photon by a high
energy electron produces a high energy scattered photon, the energy being trans-
Terred from the electron. This process was first discussed by FEENBERG and

PRIMAKOFF [2]. FERMI pointed out that this was probably the mechanism by which



clectrons were removed from the primary cosmic ray flux. 3) Electrons moving
ir magnetic filelds emit synchrotron radiation; this is the primary mechanism

Tor racio emission in galaxies. Very high electron energies are required ‘o
»rocuce high energy photons by this process; cosmic synchrotron spectra probably
extenG at most to photon energies in the keV-MeV range. 4) Gamma rays result
from the decay of m®-mesons (r° - 2v) following the production of mesons in
collisions between primary cosmic ray particles and nuclei of the intersteilar_
and intergalactic gas. Coémic ray nuclear collisions are also a source of high
energy electrons via charged pion production and (m - u — e) decay, as was pro-
posed by BURBIDGE and GINZBURG in the early attempts to understand radio sources.
A recent discussion applying to”galactic radiation has been given by POLLACK and
FAZIO [3] and by GINZBURG and SYROVATSKY [4]. n°-gammas are also produced
following meson production in matter - anti-matter annihilation. Some processes
which produce line radiation are: 5) Characteristic x-rays are produced
following the ejection of an atomic inner shell electron by, for example, a high
energy particle or photon flux. Thé resulting cascade transitions give rise to
the emission of K, L, etc.-series x-rays. 6) Gamﬁa rays are produced in the
annihilation of electrons and positrons (e’ + e - 2y). Energetic positrons in
the interstellar (but not intergalactic) medium come essentially to rest by
various energy lbss.processes (see Sect. II) before annihilating, and the
resulting vy-rays are essentially monoenergetic at about 0.51 MeV. 7) The
formation of deuterium vian + p-d + v (the inverse of photodisintegration)
produces a photon of energy 2.23 MeV. This is the only low energy nuclear re-
action we have listed here which gives rise directly to y-radiation. There are
many low energy reactions which give rise to y-rays either directly or indirectly,
but in general they will occur.only in stellar interiors so that the y-rays do

notv escape. However, there are some indications that nuclear reactions sometimes



texze place in stelliar surfaces, so that these wy-rays may be observable. Both
the C.51 and 2.23 MeV lines were mentioned in an early paper by MORRISON (5]

on the subject of gamma ray astronomy. 8) Finally, we mention the more general
process called inner bremsstrahlung which really includes some of the proceéses

mentioned above., If an electron is suddenly accelerated from rest to a velocity

8¢ by any mechanism, the probability that in the acceleration process an

additional soft photon of energy within fidw is emitted is given by the simple

expression
a1, 1 + B N dw
dw = E(‘Si@'l 5%
(1.1)
2y L2 dw
—_ = had <
I B 5 if B<«<1,

where ¢ is the fine structure'constant.
Most of the photon-producing processes are treated in Part II of this

article where the effects of the high energy electrons produced in cosmic ray
nuclear collisions are considered. Part III is devoted to the problem of
discrete sources of x-rays and the bossibility bf_observing extragalactic';ourges

f high energy photons . High energy neutrino
astronomy is intimately related to high energy photon astronomy, since in the
production of a shower of pions from a nuclear collision neutrinos result from
the charged pion and muon decayé and photons result directly from neutral pion
decays. Neutrino sources are discussed in Part TV. As we have already emphasized,
the presently available data on both the photon fluxes and astronomical parameters
are very rough; for this reason, we feel that in attempting interpretation no -
elaborate calculations are warranted. We have tried to give as simple a treatment

of the vhysical processes as is possible while still doing Justice-<to the data.



iI. PRODUCTION IN THE INTERSTELLAR GAS, THE GALACTIC HALO,

AND THE INTERGALACTIC MEDIUM

2. 1In this section we consider the general background flux of cosmic
vaotons produced in electromagnetic interactions involving non-thermal particles.
A source of high energy particles is provided by the ordinary cosmic rays, in
parvicular the cosmic ray protons, whose energy spectrum is known and extends
up to'~1020 ev., The protons themselves are not efficient at producing photons
in direct electromagnetic interactions, due to their large mass. However, high
energy electrons can result from nuclear collisions of cosmic rays in which a
shower of pions is produced; the charged pions then decay into electrons via
T = e, The energetic "secondary" electrons which result can produce high ‘
energy photons by a number of processes, and these will be considered later in
this section. The photon spectrum produced by a specific process ié determined
(among other things) by the electron spectrum, which in turn is determined by
the cosmic ray proton spectrum. We shall assume a universal cosmic ray spectrum,
that is, except near local sources of cosmic rays{.the cosmic ray flux at any
place in the universe is assumed to be the same as that measured at the earth.
Tﬁere is some difference of opinion as to whether the primary cosmic rays are
predominantly of galactic or extragalactic origin. For a discussion of two
extreme schools of thought on this point the reader is referred to the work of
GINZBURG and SYROVATSKY [6] and BURBIDGE and HOYLE [7]. However, to make the
calculations described here we have made the assumption that.a universal cosmic
ray flux with the same energy density inside and outside galaxies is present.
We take no position on the validity of this hypothesis in this article, as this
has been done simply to facilitate the computations. The results are easily

adjusted for other assumptions. GINZBURG and SYROVATSKY have argued against a

universal cosmic ray flux and estimate that the intergalactic cosmic ray density



iz smuller than the local (galactic) value by a factor ~'10_3. However, their
reaconing is based on equipartition arguments and is, in our opinion, not con-
vincing. Of course, it may be that there exists a "primary" cosmic ray electron
compor.ent, where by primary electrons we mean those whiéh may have been accelerated
Dy tThe same process and in the same sources that produced the cosmic ray protoné.
Tnis question is open. Recent experiments by DE SHONG, HILDEBRAND, and MEYER (8]
measuring the electron/positron ratio in the local cosmic ray flux are certainly
relevant to this problem,but the experiments still do not allow a definite con-
clusion regarding the primary or secondary origin of these electrons and positrons.
We shall consider only the contribution from secondary electrons. It might be
remarked that the acceleration of protons without an accompanying acceleration

of electrons can be envisaged easily, since the electrons, with their smaller
mass, lose energy by electromagnetic processes more readily.

We shall take a universal differential cosmic ray flux given by

T
a7 =X P a 2.1
p - p Y Yp’ (2.1)

where de is the number of inciden£ protons per cm? per second having LORENTZ
factors Y, (= Ep/mpc2) within dyb (centered at \b); here K.P and Tp are constants.
By appropriate choice of Kp and Tp the power law (2.1) can be used to describe
the observed flux for any range of YP' The choice Tp = 2.6, K? = 100 cm-2 sec'l
fits the observations [9] over many orders of magnitude of yp in the high energy
range. At lower energies the actual flux is smdller than that described by this
choice of Fp, K . The extrapolation from high energies is too large by a factor
~ 2 at Yo ~ 100 and by a factor ~ L at Yp = 10. Since we are interested in the
effects of the high energy.cosmic rays we shall adopt the above values for the
Parameters FP’ Kp in the calculations outlined in this section. Given the

astronomical parameters (gas density, magnetic field, etc.), the cosmic photon

fluxes from various processes (synchrotron radiation, bremsstrahlung, COMPTON



etc.) are ecsentially determined by the cosmic ray spectrum. However,

due Yo uncervainties in our xnowledge of the physics of certain processes, in
varvictlar that of meson production in high energy nuclear collisions, the cal-
culated photon fluxes must be considered at best only order of magnitude estimates.,
Uncertainties in the astroqomical parameters further complicate the interpretation
of the results. In view of this, a numpber of simplifying assumptions and approxi-
mations are made in the calculatiorn of the physical processes.

ATter discussing meson production in cosmic ray collisioﬁs (part a) the
electron production spectrum is derived in (b). Electron energy losses in the
galaxy and intergalactic medium are treated in (c) and (d) and the resulting
electron spectra are derived in (e). The photon fluxes are calculated in (f)
and a discussion and comparison with the observational results follows. Some
cosmological considerations of photon production in the intergalactic medium are
given in (h).

a) Meson Production in Cosmi. Ray Nuclear Collisions

A1l of the laboratory results on meson production are for incident proton

energies less than 10 Bev at which it is possible.energetically to produce only

a few relatively low energy pions per inelactic collision. Our knowledge of
meson production by high energy protons is based primarily on theory, and the
theories of meson production are very crude; of course, an accuract theoreticai
treatment of the problem would be extremely difficult, probably beyond our present
knowledge of elementary particle interactions. The simplest theory of meson

3

roduction in high energy nuclegr collisions is that of FERMI- and is outlined

w '3

See, for example, R. MARSHAK: Meson Physics (New York: McGraw-Hill Book Co., 1952).

briefly below. The theory predicts the correct shape for the spectrum of high

energy y-rays resulting from m°'s produced in cosmic ray collisions.



3. eI Theory oi Meson Procuctiion Consicer the colliision of a proton

v e 2 e . . . - .
o (rab) energy y_ m_c” incident on a proton at rest. In the center of mass
P D 5 . 5
(c.z.) system the total energy of the two protons is 2\bmpc = [2(Yo +1)]2 m,e”,
whero'Q is the LORENTZ factor of the protons in the c.m. system. Each proton
carries a cloud of virtual pions; in the proton's rest frame the radius of this
7 A U . 3 5 . -+ 0 + 2 Lo
cloud is approximately /\TT = N /mﬁc) wnere m_ is the pion mass. The interaction
2 ¢
cross section is then ¢ ~ 17 Aﬂ. In the c.m. system each cloud is contracted in
tne direction of motion by a factor'ip, and when the protons collide the maximum
comzion volume of the meson clouds (which, presumably, is when the interaction

is strongest) is

L 1
av = 2T a3 L (3.1)
3T %
P
For nigh proton energies it is possible energetically to produce many pions

in an inelastic collision and FERMI made the assumption that the interaction i
the volume (3.1) was strong enough to produce a distribution of pion energies

corresponding to thermal equilibrium with most of the initial proton kinetic

energy having been fed into the pion gas. Also, the pions are predominantly
highly relativistic and thus have a PLANCKian distribution. The "temperature"

1

for this distribution is easily shown to be kT zzyg:mHCQ, so that in the c.m.

system the mean pion energy corresponds to

th ~ %f, (3.2)

and in the lab system (vhere one of the protons is initially at rest)
(D) Y vE o~y E (3.3)
™ P P b
FERMI assumed that the distribution arising when the pion clouds of the colliding
protons overlap is "frozen in", so that Equation (3.3) would apply to the pions

produced in the collision. Equation (3.3) also implies that the multiplicity

~ 1
of pions produced is proportional to (and is, in fact, roughly given by) \bf.



A nuoer o

LN

attempts have been made to improve the FERMI theory ana some
wuthnors nave taken a guite different approacn to the problem. However, these
clucrnesive theories usually predict a pion production spectrum not radiacally

GiTferent Ifrom that of the FERMI theory. The assumption of thermal equilibrium
o s i b ' .

Zn the ER.I theory has been questions by LANDAU , who has developed his own

&

L, LAXDAU: Izv. Akad, Naux, SSSR 17, 51 (1953)

trheory of meson production. Another defect in the simple FERMI theory is that
the effects of the production of other unstable particles (for example, K-mesons),
which eventually decay into pions, has not been taken into account. Nevertheless,
for our purposes essentially the only result which need be specified is the
relation between multiplicity (and mean pion energy) and YP' The detailed shape
of the pion energy spectrum produced by an incident proton of given energy need
not concern us.

4, Pion Production Spectrum The number of pions produced per second per

3

cr” within the energy range dYﬂ in p - p collisions would be computed from

qﬁ(yﬁ) dyﬁ = f d;p nﬁ o f(&n;YP) dyﬂ, ‘ (L.l).
where dJP is the differential incident cosmic ray proton flux, o the local
density of hydrogen nuclei, o (=~ m Aﬁ) the total (excluding the multiplicity
Tactor) cross section for the ev?nt, and f(Yn;Yp> the distribution function for
the pion production spectrum. We approximate the spectrum f(yﬁ;yp) by a product
of the multiplicity (z;yb%) and a §-function at the mean energy (zsyp3/u) of the

pion spectrum for given \b:

o ) 3/k '
T(yviv,) ~ Yoo oy - ) (k.2)

With a cosmic ray spectrum given by the power law (2.1) we then obtain

ay(v) ~ (b/3) 02K my v "7, To= 3 (T, - ). (1.3)

- 10 -



Tre ¢-Iunciion approximetion (+.2) does not introduce appreciable error. For

), using the WIEN approximation to the PLANCK

tnoraul distribution, one obiains a slowly varying Junciion of Yoo times Yo to
i
Lo, 1 . \ .
VLG ToWer - -3<Ltf“§)’ <hat is, essentially the same result as Equation (k.3).

Jorcover, the exponent in the spectirum (4.3) will be the same for the case

wnere the mass of the incident cosmic ray particle is different from that of

tne "tarzet" nucleus. In such a case the analysis follows analogously, since
L

the LORENTZ factors in the c.m. system are still proportional to yz (when y is

lerse), waere y is the LORENTZ factor of the incident particle in the rest

frame of the target particle.

5. An Experimental Test for qﬂ(yﬂ) For nuclear collisions at hign energy

thé numnoer of n+, m , and m° mesons produced are the same, as is their energy
i&stribution. The n° decays via m° - 2y, with the mearn (lav) y-ray energy

being roughly Eﬂ/2. Thus, a measurement of the y-ray spectrum from m°-mesons
produced in primary cosmic ray events would give the pion source spectrum qﬂ(yﬁ).
Recently, KIDD [10] has measured the spectrum of high energy wy's from m° -mesons
produced by cosmic rays at the top of the atmosphefe. By performing the experi-
ment at high altitudes he was able to observe y's from m° 's produced predominahtly

in primary jets. KIDD found for the differential energy spectrum of the y-ray

+0.3
-0.2°

by XIDD was 0.7 x 1011 eV < Eo < 1012 eV, corresponding to 103 < Vﬁ < lOu and
L 5

lO' < Yo < 2 x 10°. At these proton energies the cosmic ray spectrum is

flux a power law with exponent TO = 2.9 The y-ray energy range observed

descrived by the high energy it with Fp = 2,6, The corresponding Fﬂ from
Eouetion (k.3) is 2.8 and is consistent with the value (To) measured by KIDD.
We should like to emphasize that KIDD's experiment confirms the results of the

FERMI theory, but not the fundamentals of the theory itself.



‘o) Tne Electron Production Spectrum

6. Ir the charged pion decay(ﬂ:h - p.i + v) most of the center of mass
kinetic energy released to the products w, v i‘s carried away by the neutrino
whose energy is small compared with mﬂcg. | The resulting lab energy of thé‘muon
is then approximately (mp/mﬂ) E_, vhere Err is the lab energy of the pion before
decay. The electron resulting from the muon dec:a.y(p.i - ei + 2v) is ﬁighly
relativistic and behaves kinematically like the two neutrinos in the decay

products. Thus, the mean energy in the spectrum of electron energies is about

—:ls-mp'c‘2 in the rest frame of the u, and the mean lab energy (Ee) of the electron
resulting from the m = p — e decay is roughly 3 (m /m ) E_ %Eﬂ, thus,

<Ye> z%(mﬂ/me) (yﬂ). Approximating the electron spectrum f(y, Y, ) by a §-function

at this energy we get, for the electron source spectrum,

q. (v )ay, ~ jq (v,) dv & (v, - 4m v.) dy, )

1
8 Ly
-5 o G ) s

a factor 2 has been introduced because only charged pions decay into electrons.

3

We shall consider production and energy losses of electrons with

(6.1)

lO2 < Yo < 1010 corresponding to 1 =< Yer < 108 and to 1 < Yp < lOl:L

c) Electron Energy Losses in the Galaxy

Here we consider the various processes tending to decrease the energy of
high energy electrons in the galaxy. We calculate the average rate of energy
loss in the galaxy which we consider as the region within the galactic halo of
radius Rn ~5x 1022'cm. Actually, energy losses involving interactions with
the galactic gas occur pmdominantly near the plane of the galaxy where most of
the gas lies and where the gas 1is px'edominantly unionized. .The volume of this

-2

disk of galactic interstellar gas is ~ 10 © of the volume of the galactic halo.

¥

- 12 -



7. Ionization Losses The energy loss due to ionization and excitation of

the irnterstellar gas may be computed from BETHE's formula for the stopping
power., For high energy electrons this formula is
2 L
3 m - c

oy
e 2me ., e e
=) = An (7.1)
&), et S 2B -

wnere Io is the mean excitation energy of the stopping material (hydrogen), and

n is the number density of atoms of the material. The argument of the logarithm

in Equation (7.1) is very large and IO may be set equal to the RYDBERG energy

% o mec2 (d-l ~ 137). We then have for the ionization loss in a hydrogen gas

of mean density m):
~(ay /at) = 2rer ® (n) o (2ye3/01b'). (7.2)

Here T, (= eg/mecz) is the classical electron radius. The energy loss computed
from Equation (7.2) is shown as a function of Yo in Figure 1 for a mean gas

density {(n) = 0.03 cm-3. This mean galactic gas density corresponds to a mean

3. 3) is about

denéity near the plane of the galaxy of 3 cm” This value (3 cm”

three times the observed density of atomic hydrogén. The higher value may be

p)

more appropriate if there is a high abundance of interstellar modecular hydrogén

5
R. J. GOULD, T. GOLD, and E, E. SALPETER: Ap. J. 138, 408 (1963)s J. DORSCHNER,

J. GURTLER, and K.-H. SCHMIDT: Astron. Nachr. (to be published)

8. Bremsstrahlung The energy loss rate by bremsstrahlung emission would

be computed from
- (dE/dt)B = ncJ'hu)doB, (8.1)

where n is the density of hydrogen nuclei and doB is the differential cross

section for the emission of a bremsstrahlung photon of energy within hdw; in

Equation (8.1) the integral is over w from O to \émece/h. For doB we take the

approximate simplified expression [11] doB ~ b o ri w'l dw(lﬁj2yé and calculate

- 13 -



ne mean bremsstranlung loss rate:
. 2 '
- 3 ~ 4 N . .
(dyé/at>B ¢ arl (n) Yo 48, | (8.2)

This is the bremsstranlung léss rate for interaction of electrons with protons
and would be appropriat¢ for calculating the energy loss in regions of ionized
nydrogen. Actually, mést of the galactic bremsstrahlung is likely to be pro&uced
near the galactic plane where the gas is predominantly atomic or molecular, and

a correction for the associated shielding effects of the atomic electrons must

e made. In fact, for the electron energies of interest the strong shielding

expression.would be more appropriate., In this case the argument of the logérithm
in Equation (8.2) should be replaced by ~ 137 (see HEITLER [12]). Using this
corrected expression the bremsstrahlung loss rate was computed for (n) = 0.03 qm-3
and is shown in Figure 1,

9. Synchrotron Losses Tt is well known that a highly relativistic electron

of energy Ee in a magnetic field H moves in a circle with a LARMOR radius

r, = Ee/eH and radiates energy by the synchrétron process at a rate

_(dEe/dt)S = % c ri () yég. ', _ (9.1) |

The frequency spectrum of the radiation consists of a continuum with a maximum
around v, \52, v, (= eH/Qnmec) being the LARMOR frequency. The loss rate
—(dyé/dt)s is shown in Figure 1 for a magnetic field H = 3 x 10'6 gauss correspénding

to the galactic halo.

10. COMPTON Scattering by Stellar Photons The COMPTON process, whereby a

high energy electron makes an elastic collision with a thermal stellar photon,
and transfers some of its kinetic energy to the photon, has been considered in
some detail by FEENBERG and PRIMAKOFF [2] and by DONAHUE [13]. More recently,
FELTEN and MORRISON [1L] have suggested this process as a mechaﬁism for producing

énergetic photons. Consider the collision between an electron of energy

- 14 -



Yo méc2 and a thermal photon of the galactic radiation field of initial energy

. . % .
er. Let 6; denote the photon energy after scattering; let er denote the initial

*
enerzy of the photon in the rest frame of the electron; € =~ vy, € _. For
> r e r

% .
€. << me02 the cross section for the scattering process is given by the THOMPSON

limit:
g. =+ =—1°, (10.1)
while the mean energy loss per scattering may easily be shown, by the kinematics

of the problem, to be

(F) ~ v, e, ' | . (20.2)
* .

For collisions with very high energy electrons in which €. >> mec2, the KLEIN-

NISHINA formula must be used to compute the scattering ‘cross section. For high

energies this formula approaches .

o WS 2 €. .
hd / \I .
o 7T T, —(4n > (10.3)
€. m ¢

while the mean energy loss per scatfering is now comparable to the initial
energy of the electron:
(€) =~y mc’. | (10.4)
II

The electron energy loss is computed from
. .

(dEe/dt>C c (Jonr(er) €] der), (10.5)
where nr(er)der is the number density of photons of energy within der in the
radiation field. We shall lump the stellar radiation field into onhe mean photon

- o Nan = . o
energy er. Then Jnr(er)aer =n, pr/er, where P, 1s the radiation energy
density and n, the number density of photons. For a thermal (black body)

rediation field Er is approximately 3 kTO, where To is the temperature of the

thermal distribution. By employing the expressions for ¢ and E; for the low

- 15 -



energy region (I) where y << méc2/5; and the high energy region (II) where

2/~ o
Ye >> m.c /er we get for the energy loss rates:

.
d.'Y r
e 8 ‘o 2
(2 = 9T o 10.6 I
<d.t >CI 3 mec <pr> Ye J ( )
v <0 > ~2 Y, B
- = mr°omcd gni—2_Z (10.6 II)
terr © 2N mcf

It is interesting to note that at low energies the energy loss rate is pro-
portional to the radiation energy density <pr> while at high energies it ié
essentially proportional to (nr)/E;. Most of the contribution to the radiation
field in the galactic halo comes from the relatively cool stars in the nuclear
region of the galaxy. We shall take Er = 3 eV and <pr> = 10713 erg/cm3 as
representative values for the radiation field in tie halo. The corresponding
energy loss rate is shqwn in Figure 1. The curves for regions I and II were

Jjoined smoothly.

11. Leakage Out of the Galactic Halo Even for electron energies as high

0

as v, ~alOl the LARMOR radii are only ~ 1 pc, which, presumably is much less
than the scale of "magnetic field condensations" in the halo. For this reason
the high energy electrons moving in the halo are likely to penetrate only the

outer edges of the magnetic field regions, and the paths of the electrons would

resemble that of BROWNian motion. The mean free path would correspond to

motion between magnetic field condensations and, because of the smallness of the
-electrons' LARMOR radii, would be independent of energy if the magnetic field
between the condensations were very small. The mean leakage time I for

escape from the halo would be roughly

T~ Rhe/xc, , | | (11.1)

- 16 -



22

Wnere Rh (=5 % 10 cm) is the radius of the halo and A is the mean free path

for the 3ROWNian motion. The .appropriate value of A to be used to calculate TL

is very uncertain. In the galactic disk the mean distance between gas clouds

is ~ 100 pc; A for the halo is probably larger than this. Taking A = 1 kpc we

>

calculate T. ~ 3 X lOl sec.

L
In a leakage process the energy of the electron is not lost gradually;
instead essentially the total energy of the particle is lost (to the inter-
galactic medium) instantaneously. The equivalent loss rate is then
- (dye/dt)L = Y./ (11.2)

and this quantity is plotted in Figure 1 for 7. = 3 x lOlS sec.

L

d) Electron Production and Energy Losses in the Intergalactic Medium

12. The calculation of processes in the intergalactic medium is made
difficult by our lack of knowledge of the astr;nomical parameters such as %ﬁe
gas density and magnetic field. Here we shall present results for assumed values
of the parameters. The calculated production rates and energy losses are simply
related to the parameters and can be easily re#ised when better astronomical
data are available. Actually, ;t may be that éome additional knowledge of
these poorly known data may be gained from further interpretation of the high
energy cosmic photon experiments.

As mentioned earlier, we assume a universal cosmic ray flux. The pion and
electron production rates are then proportional to the intergalactic gas density
and this gas is very likely to be predominantly hydrogen. Observationally, the
vpper limit to the intefgalactic density of atomig¢ hydrogen 186 ~,1o'5 cm-3; the

5 - .
G. FIELD: Ap. J. 135, 684 (1962); R. D. DAVIES and R. C. JENNISON: MN 128, 123
N e aaand

(1964); R,D, DAVIES: M.N. 128, 133 (196L4)

amount of ionized hydrogen is unknown. The usually assumed total density of

intergalactic hydrogen is {(n ) ~1077 cm™3; this is the so-called
g ny ;
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cosr:ologicalT value and is the figure which we shall adopt. Also, we shall
7

Several cosmological theories, including HOYLE's formulation of the steady-

state theory, lead to values of this order for the mean density in the universe.
One can arrive at this result by simply setting Eo +V = 0, where E0 (= Mce;

M is the "mass of the universe") is the rest energy of the universe, and

v (A'—GMQ/R; R is the "radius of the universe" or HUBBLE radius) is the gravi-
tational energy. The resulting mean density is about two orders of‘magnitude

 greater than the observed smeared out density (~ 3 x 1073t gm/cm3) from galaxies.

The bulk of the matter in the universe is then attributed to the uncondensed

intergalactic gas.
assume that the intergalactic hydrogen ié fully ionized. We adopt lO-7 gauss
fdr the mean intergalactié magnetic field. Certainly the intergalactic medium
must have some, if only random, magnetic field. The intergalactic radiation
field can Be estimated with some reliability. The contribution from all
galaxies in the universe results in a radiation field similar to the galactic
(halo) field but diluted by about a factor of ten. Thus we take <pr> - 107t erg/cm3
and, again, Er = 3 eV. |

Assuming the above values for the gas density, magnetic field, and radiation
density in the intergalactié medium the various processes canhbe calculated
readily by employing the relations given in part (c) of this section for galactic

processes. However, for the bremsstrahlung contribution one must include the

effects of electron-electron bremsstrahlung Bee [11] as well as the contribution

from Bep‘ Since the cross section for high energy Bee is approximately equal
to that for Bep’ and since n, = gp for the assumed fully ionized intergalactic

medium, the total bremsstrahlung loss -(d-ye/dt>B is given by simply twice the

expression (8.2) with {(n) = 1077 en”3. 8 The "ionization losses" for the fully
3

Although Bee R’Bep for highly relativistic electrons, for non-relativistic’
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electrons Bee << Bep' Essentially, this is because the photon emission by the

neon-relativistic system results from the dipole moment formed by the e-p system.
ionized intergalactic medium actually correspond to production of plasma oscil-

lavions. The assoclated expression for the electron energy loss at high

9

energies reduces to

9
S. HAYAKAWA and K. KITAO: Prog. Theor. Phys. 16, 139 (1956)

at hu

a . ~.2m¢c

/<Y, PR Y,

- e‘> = Ln r02 c (n){ﬁnf———fi———iz 3 (12.1)
' P

1
where @, (= [hne2 (n)/me}2) is the plasma frequency. The result is plotted in
Figure 2.
For the intergalactic medium one should consider another "effective" energy

loss process. The expansion of the universe results in an effective energy loss
L}

for the electrons in a given volume of
_(dye/dt) = ye/w , . (12.2)

where T, is the characteristic expansion time given by % H-l ~lOl7 sec

E
(H = HUBBLE constant). The factor % takes into aecount the fact that the

expansion is three dimensional, that is, H'l is the characteristic time for the

one dimensional expansion. The effective energy loss due to expansion is plotted

in Figure 2 for Tp = lO17

synchrotron radiation, and COMPTON scatiering.

sec, along with the energy losses due to bremsstrahlung,

e) The Electron Energy Spectrum in the Halo and Intergalactic Medium
13. Here we consider the electron spectrum which results from production
(via T=Hme decay) in nuclear collisions of cosmic rays and from the various loss

3

brocesses. Let ne(yé) dYé denote the number of electrons per cm~ with energies

within m c2 dy_ .= -
e e

fx:Tﬁeméﬁectral electron density ne(yé) satisfies a continuity equation

in vy, (energy) space:
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dn (v.) 9 a . '
e ¥ (a(v) =)= ¥ ay(v,)- (13.1)

+ -
ot a
o oV, ‘

1

In Equation (13.1) the terms on the right hand side (r.h.s.) represent sources
and sinxs of high energy electrons corresponding to production, annihilation,
and to processes leading to a sudden loss of a large fraction of the energy of
the electron; terms representing leakage out of the halo or the expansion of the
universe would also be included on the r.h.s. The factor dyé/dt represents'the
fotal graduél energy loss from processes described earlier. We shall consider
‘steady state conditions, so that ane(\%)/at = 0.

14, Electron Spectrum in the Galactic Halo From Figure 1 we see that for

Yé.s lOLL (region I) the effective energy loss is primarily by leakage from the

halo and the continuity equation reduces to

0 =q.(y,) - n(v)/m, | (1k.1)
where qe(\%) is the production spectrum given by Equation (6.1) and is of the-
form keyé—rﬂ, and 7. is the leakage time. Thus, for y < 10“, ne(yé) is of the

form

ne(I)(Ye) - Ke<I) ,Ye-r'ﬂ" Ke(I) = TL ke. (11#.2)

The electron spectrum in region I is essentially the same as the production
spectrum, that is, the electrons escape from the galaxy without losing an
appreciable amount of their origianl_production,energy.

For vy, 2 10° (region II) the electrons lose their energy primarily by synchro-

tron radiation for which dye/d‘c:_= —bye2, and the continuity equation reduces to
I
3 <: 2 > _ _ m
sy (el ) = ) = kv T (14.3)
The solution is then -
II) 1Ty - -y + 1) II
ne( )(\%) = Ke( ) Y, , Ke( ) . ke/b(rTT -1). (1h.4)

With the assumed values for the parameters and with ke computed from
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Equations (4.3) and (6.1) the calculated spectral electron density is shown
in Figure 3. The solutions for ne(ye) in regions I and II were joined smoothly.

15. Electron Spectrum in the Intergalactic Medium The approximate

spectrum of the intergalactic electrons is calculated by similar procedures.
We approximate the effective energy loss for Yo < 105 (region I, see Fig. 1)
oy the expansion loss and for y, = 106 (region II) by synchrotron losses. The
eiectron spectrum in the two regions is then given by expressions similar to
Equations (14.1) and (14.2) for the halo, essentially with 7, replaced by Tg.
The calculated spectrum, with- the curves for the two reglons Jjoined smoothly, is
shown in Figure 3 for the previously stated assumed vélues of the astronomical

parameters.

f) High Energy Photon Flux from Various Processes

16. Absorption of High Energy Photons, The absorption of cosmic photons
is important in certain energy ranges. For x-ray photons traversing matter in
the plane of the galaxy dbsorption by the photoelectric effect in various elements
is appreciable at the longer wavelengths. In Figure 4 we give the optical thick-
ness as a function of wavelength for a path of 1 Kpc in neutral atomic gaseous
matter of "cosmic" composition with n(H) = 1 em™3. The curve with the total
contribution from all elements is given as well as that including oniy hydrogen
and helium. The discontinuity in the total at 23 A is due to the onset of
K-shell photoionization of oxygen. The curves have a slope of approximately 3
due to the (approximate) k3 dependence of photoelectric absorption, and are
taken from the results of STROM and STROM [15].

Except for the pronounced edge due to oxygen, we have smoothed over the
data which shows several other small Jumps due to the onsetlof photoiqpization

edged. Since the distance to the galactic center is ~ 10 kpc, and over this

3

, we see that T > 1 for A 2 5 A. ‘For photons traversing

distance (n(H)) ~1 cm”
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7

o . , v - . 2 \
interzalactic matter the path length is ~ 5 x 10 cm, so that v > 1 for

6

em™3 (here a similar "cosmic" abundance has been

2 a3

assumed). A density of (m(H)) ~ 1077 cm - is a reasonable value to assume for

A > 10 A if ((H)) > 107

intergalactic space; however, this material is also likely to be composed .
essentially of pure hydrogen, or perhaps hydrogen and helium; material with
this composition would be ionized if the temperature of intergalactic matter

foy (helium). The absorption by the

were 2 1.5 x 1OM°K (hydrogen), and =2 6 x 10
ionized matter would be negligible.

The only other instance where absorption of hiéh energy cosmic photons 1s
sppreciavle is when very high energy photons travel distances compafable with
the classical radius of the universe. As NIKISHOV {16] has shown, absorption
by pair production in photon-photon collisions (y + vy - e’ +e”) prevents us
from seeing to the "outer edge'" of the universe in photons of energy ~:1012 -
1013 eV, For phétons of this energy the cross section for pair production in
collisions with the thermal stellar photons in the intergalactic radiation
field has a maximum. The intergalaétic radiatidn‘field in the thermal stellar
range (~ eV) is due to emission from galaxies. NIKISHOV calculated the optical
thickness for a black body radiation field of temperature kT = 0.5 eV and totai
6

energy density O;l eV/cm3 out to the distance of Cygnus A (RC - 6.6 x 10° cm).
We feel that the energy density which he employed may be on the high side and
shall give the results for a radiation field one-tenth as large but for a dis-
tance of R =5 x ZL027 cm (thé "cosmological cut—off"). The associlated optical
thickness is shown in Figure 5 as a function of photon energy. We should like
to emphasize again the.uncertainty in the intergalactic radiation field and
thus in the magnitude of the effect. Because of this and other uncertainties
we shall ignore absorption in the remainder of this article; ﬂowevér, it should

still be kept in mind that it could be appreciable for certain photon energies

and could effect the high energy cosmic photon spectrum.



7. Pn

7. Pnoton Spectira

Tne pnoton production spectrum by a given process

rzy oe computed from the electron (energy) spectrum ne(ye) and the expression
Ior the paoton emission spectrum by this process as a function of Yo ! Denote

the photon energy by €. The energy loss by an electron of energy Ee in time 4t

due to the emission of “dN photons of energy within de is

-dE, = ¢ dN = f(Ee,e) de dt, (17.1)

wnere f(Ee,e) is the emission spectrum. The number of photons emitted per cm3

per second per interval of € by an electron spectrum ne(yé) would then be

dn _ dn(e) T aN
o C s C 4 2V T : (17.2)

We now approximate the emission spectrum by a §-function at the characteristic

photon energy €.t

m c2 dy
alN 1 e e /- \
T e e dt 6(e-ec), \LT.3)
where ec = ec(yé). The photon spectral flux due to emission along a line of

sight of path jds = R would be

se) = [ale) o @nledy 5 (17.4)

The incident photon spectra from both the galaxy and the intergalactic medium"
are readily calculated from the Equations (17.2), (17.3), and (17.l4) using the
derived electron spectra ne(yé) and the expressions for the energy losses

N S+ s 4 ¥ 2.
-(aye/au>. For synchrotron emission ec A,nwL Yo for bremsstrahlung

~
<

o z;méc Yo for the COMPTON process from electrons with Yo << mecz/zé,

- -2, . 2= N 2
S, M ELY, S for the COMPTON process from‘electrons with Yo > m,cC /er, €, ~MmC v .

Taking a path length R = 5 x 10°° cm (the radius of the galactic halo) for
the Galexy and a path length R = 5 x 1027 cm (half the HUBBLE redius) for the
intergalactic medium, the resulting photon spectra are shown in Figure 6. The

vnoton energy T is in units of mece, that is, T = e/mec2, J(M) = 43/aN. The

spectra are for synchrotron radiation, bremsstrahlung, COMPTON scattering, and

- 23 -



O

|

-Gecay. The specira from m°-decay are calculated directly from the pion pro-

duction spectrum which is of the form qﬂ(yﬁ) =k ¥ ™ (Eq. %4.3)]. One-third of

2

% yhch . The m°-decay photon production spectrum is then approximately
: -(r.-1) .r .
2 ( ™ ™
o p— 4 .
an®/dndt = 5 K (eme/mﬂ) v, (17.5)

The galactic photon fluxes plotted in Figure 6 are averaged over all directions;

the average magnitude of the flux per steradian ﬁsl/Mntimes the flux in Figure 6.

Actually, the photon flux per steradian from bremsstrahlung and ™ decay would be
greatest ih the direction along the galactic plane where the production and
interaction with the gas takes plaée. The synchrotron radiation and COMPTON
photons would also show a moderate anisotropy due, at least, to our off—centér.
position in the Galaxy. We have not computed ﬁhe spectrum from positron annihi—
lation. The cross section for direct positron (energy:_yé mecz) annihilation with

an electron at rest is, at high energies [1l1],

in 2y
2. e )
O’a ~ T I'O T . (17.6)

so that the bremsstrahlung spectrum dominates the annihilation spectrum by a
factor ~ ay, for y, = 10°. At lower positron energies (yé < 102) ionization
losses are dominant (see Fig. 1) and the positron comes essentially to rest
before annihilating, giving two photons each of energy N~ 1.

To calculate the photon flux from the intergalactic medium we have taken
essentially'a static EUCLIDian universe cut-off at R = 5 x 1027 cm. I% is
natural to inquire into the effects of the expansion (differential red shift)
and detailed structure of the universe on the resulting photon spectra. It can
ve shown that'onlj if the pholon production spectrum is a power law, will the

observed flux show the same shape spectrum (power law with the same index), inde-

pendent of the structure (including expansion) of the universe. This results
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cooenvially pecause the DOPPLER-shifted photon energy is proportional to the

unshifted energy. As a result, our calculated spectra, which are of the power
law “ype in different erergy regions, depend on the detailed structure of the
universe only as far as the energy at which the spectra change their slope is

p)

concérned (at M ~ 107 for B and C, Eig./6). However, the shift in this critical
energy 1is likely't9 be less than an order of magnitude.

We should like to emphasize again that the calculated photon fluxes are
only approximate, and this should be kept in mind when we attempt possible
interpretations of the observations. In particular, our treatment of meson
production in cosmic ray collisions is very rough, especially at low energies
where the FERMI theory should be invalid. Moreover, as mentioned earlier, our
assumed cosmic ray spectrum is too large at the low energy end; this effect
alone would produce a bend in the calculated photon fluxes at low energies such
that the low energy eﬁds of the curves in Figure 6 should be reduced by about

an order of magnitude.

¢) Comparison with Observations

18. General Discussion The experimental points exhibited in Figure 6

correspond to the observed cosmic background photon fluxes as summarized in

Table 1 belowlo. The observations are in essentially four energy regions and are

10 .
In this discussion we have taken the observational values given in Table 1 at

their face value, Howéver, it appears now that, -while the background x-ray fluxes
have been detected at the levels quoted, the vy-ray results are more uncertain and
should all be treated as upper limits to the fluxes which may be present. That
we are, therefore, only discussing possible explanations of hypothetical y-ray

fluxes in this section is to be emphasized.

over ranges such that AT/T ~ L. There is, of course, another 'range of energies

where cosmic photons are observed, namely, the radio range.- The radio spectrum
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iz represented fairly well by the low erergy range (not included in Fig. 6) of
o calculaﬁed synchrotron radiation spectrum. We shall return to this question
ol the radio spectrum shortly.

We now consider the possibilities of interpreting any of the observed
photon fluxes in terms of the various calculated spectra represented in Figure 6.
First consider the x-ray observations. The flux j(T) for point X (Fig. 6) is
Tive orders of magnitude aﬁove the curve S' and six orders of magnitude above S.
This discrepancy is, in our opinion, sufficient to rule out the interpretation
of the point X as due to synchrotron radiation, at least if the high energy
electrons are of a secondary origin. The curves C and ¢' do not extend to lower

. : . 2 . .
energies because we have considered electrons with Yo 2 107, and in our approxi-

mate calculations have assumed that (e)C = yég —r' , giving <€)C 2 30 keV.
However, due to the distribution of thermal photon energies there is, of course,

a distribution of photon energies which can be produced by an electron of given

energy. Moreover, for a pion decaying at rest there is still an appreciablé
probability for a low energy (say, Yo ~ 30) electron being produced. Therefore,
the COMPTON spectra C and C"certainly do extend to the x-ray region. In spite
of this, we do not believe that the x-ray point can be due to the COMPION procéss,
if the electrons responsible for the scattefing have a secondary origin. For,
as preyiously mentioned, the actual cosmic ray spectrum which produces the low
energy pions and finally electrons is smaller by about a factor of 10 than the
power law spectrum used to compute the curves in Figure 6. A realisfic extra-
polation of, for example, the curve C' to the x-ray region would still fall about
three orders of magnitude below the observational point B.

FELTEN and MORRISON [14] suggested that not only the x-ray flux, put also
the photon fluxes at ~ 1 Mev and ~ 100 Mev (see Table 1), are due to the COMPTON
process in the intergalactic medium. They suggested that the sources qf the high

energy intergalactic electrons are the strong radio sources. We can see from the

- 26 -



curve C  in Figure 6 that the intergalactic spectral denmsity ne(yé) required

0 explain the results is about 20-30 times as large as the density-which we
ectinated to result from secondary production in intergalactic space! The
COVPTON spectrum must, of course, extrapolate to the x-ray region and this pre-
cludes a secondary origin for fhe electrons, unless'they are produced by a cosnmic
ray spectrum which has a much higher intensity at low energies than that for
cosmic rays observed at the earth. We cannot rule out the FELTEN-MORRISON
hypothesis;'in fact, elementary considerations of the necessary number of sources
(radio galaxies) of high energy electrons in the universe suggest that the
hypothesis is reasonable quantitatively. As we have shown, for our Galaxy this
relatively low energy part of the electron spectrum, that is, the radio electrons,
does escape from the galaxy into the iﬁtergalactic‘medium.before losing an
appfeciable amount of .its initial energy. We shall show presently that, if

the FELTEN-MORRISON idea is correct, the amount of synchrotron radiation which
these electrons would produée places an upper limit to the intergalactic maénetic
field.

Regarding the possible interpretation of the 'observations- at 1 Mev (A, Fig 6),
we see that the observed flux is about an order of magnitude above the calculaﬁed
éurve C'. In view of the inaccuracies involved this "agreement" within an order
of magnitude indicates that COMPTON scattering by secondary-produced intergalactic
electrons provides a possible explanation for the observed photon flux at 1 Mevl
Of the calculated processes represented in Figure 6 this appears to be the only
possible association with the observations at 1 Mev. The spectrum from n° decay
certainly does not extend below log T = 2 (E ~ 50 Mev), and the bremsstrahlung'
spectra B and B' must be less steep below log M = 2 since, although the energetic
secondary electrons can emit a bremsstrahlung spectrum extending to the lower
energies, the corresponding bremsstrahlung photon would then carry awax_only a

small fraction of the electron's energy, and the photon production process wquld"'



ve less efficient.

It would appear from Figure 6 that the ~ 100 Mev photon flux which KRAUSHAAR
and CLARK first reported could be accounted for by m°'s produced in the galaxy
or in the intergalactic medium. However, our calculated m° spectrum, based on
tne FLRMI theory, is very unsatisfactory at the low energy end. For low energy
p-» collisions it is primarily -rr+ mesons that are produced and a more accurate
treatment of meson production than our extrapolation of the FERMI theory must be
employed. Now, in theKRAUSHAAR-CLARK observation the photon flux observed
included essentially the whole spectrum from decays of m°'s of all energies, and
most of the n°'s produced are of low energy. By employing the available data on
meson production by incident protons of energy less than 10 Bev and the observed
low energy cosmic ray specﬁrum, POLLACK and FAZIO [3] have computed the rate of
production of pions by p-p, p-o, and a-p collisions per hydrogen nucleus as -the
rate of production of m° decay and positron annihilation (after @ - W — et decay)
vhotons: |

m°-decay: ¢° ~1 x 10-26'photons/sec-ster

26 ﬁhotons/sec-ster.

positron annihilation: ¢  ~2 x 10°
The m°-decay photons have energies above about T0 Mev'and the galactic positron
annihilation photons have energies of about 0.5 Mev, since the positrons come |
essentially to rest before annihilating. The m°-decay photon flux from a region
of density (nH) of extent R would then be kLmg® (nH) R and in this manner we
estimate fluxes of 2 x 107" photons/cmg—sec and 6 x 1073 photons/cm?-sec from
the Galaxy and intergalactic medium respectively; the galactic flux is a
directional average. The KRAUSHAAR and CLARK flux is roughly the same as the
calculated contribution from the intergalactic medium while the flux observed o

by DUTHIE et al. is an order of magnitude larger. The origin' of the discrepancy

between the KRAUSHAAR-CLARK and DUTHIE et al. observations may lie in the latter's

- 28 .



cviranolation of their balloon opservavions to zero atmospheric depth. At any

rate, it is clear that an upper limit to essentially the product of the inter-
calactic cosmic ray flux and gas density is established by these observations.

The calculated intensity of the positron annihilation line using POLLACK and

5 3)

cm
2

FAZIO's value of q  and again the "standard" intergalactic gas density (10~

ig 1 x 10°° photons/cm?-sec which is just below the upper limit of 1.5 x 10~

photons/cme-sec established by ARNOLD et al. However, intergalactic relativistic

positrons do not slow down before annihilating (see Fig. 2) and would not pro-
duce a 0.51 MeV line but rather an annihilation continuum extending to higher
energies.

The boint denoted by EAS in Figure 6 results from observations of Extensive
Air Showers [22], [23] in which an abnormally low number of muons was observed,
indicating possibly that the shower was initiated by electromagnetic processes
rather than by a nuclear collision. If these showers result from primary
photons the flux of these photons would be ~:lO_3 times the flux of cosmic ray
protons at the same energy. The results of these experiments are questionable
and may only represent én upper limit to the primafy cosmic photon flux at these
high energies. 1In Figufe 6 we see that thé EAS point lies 2 or 3 orders of
magnitude above the curve corresponding to the decay of high energy secondary-
produced m°-mesons in the intergalactic medium.

As was mentioned in thé footnote at the beginning of this section, it is
necessary to emphasize the preliminary nature of all of these observations of
nigh energy photons. Waile the existence of cosmic x-ray sources seems well
established, the existence of positive fluxes at higher energies (the ~ MeV,

100 MeV, end 10%7

eV observations) is not established., The fluxes given for
these higher energy photons probably should all be taken as upper limits until

the observational situation is clarified. For example, the ~ MeV observations
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wLy o plegued by radioactivity induced in the crystal of the scintillation

L. E. PETERSON: J. Geophys. Res. 65 (1965)

19. X-rays from Zxternal Calaxies We should like to mention another

possible explanation for the observed bpackground flux of x-rays, which we pro-
posed earlier [24]. About 10 discrete sources of x-rays have been observed, and
becauce of their apparent concenpration toward the plane of the Galaxy, are
assumed to be galactic and presumably at a galactic distance Rg ~ 10 kpc (see
Sect. III). Since our Galaxy is believed to be a normal "average" galaxy, one
would expect that this is a general characteristic of galaxies, so that external
galaxies have x-ray luminosities LX not too different from that of our own
Galaxy. If the average x-ray luminosity for galaxies is <LX>a’ the isotropic
background flux per steradian observed at the earth would be roughl&

£ w(L}{)g ng Rc/un, (19.1)

where n_ (~ 3 x 1077° cm_3) is the number density of galaxies, and

R, (~5 x 102T cm) is a cosmological cut-off distance. Neglecting absorption,

the total flux received from sources in our Galaxy is

FX = >_, L}El)/hﬁrie ~ LX/lng2’ (19.2)
1

It

where L_ (
X

'>'Lil)) is the total x-ray luminosity of the Galaxy. Assuming
y .
.(LX>g ~L, we find

£o~F n RTR. (19.3)

The total flux from all galactic sources is (see Sect. III) about
F_ o~ 33 photons/cm?-sec, so that we estimate from Eg. (19.3) £ ~0.5 photons/cm?-
sec-ster, which is about an order of magnitude smaller than the observed flux.

In view of the uncertainties and the assumptions involved, agreement within an
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order of magnitude must be regarded as satislactory. learly, we maxe no
Gzoumpoilon as to the production mechanism of tnese x-rays, but only that our
Calaexy is "typical”,.

20. Radaio Emission We conclude our discussion here with a few remarks

abouv the observed cosmic radio spectrum from the galactic halo, which‘is
wndoudtedly due to synchrotron radiation by relativistic electrons. WE‘attemptl
to answer.the‘question és to whether tﬂe electron spectrum can be accounted for
by secondary production by cosﬁic rays. This problem has been considered by a
number of authors in a manner similar to our treatment. However, our view
c¢iffers somewhat in that we consider leakage from the halo as the primary loss

. . 12
process for the radio electrons.

12
Our conclusions also differ. We conclude that the spectrum of radio electrons
in the galactic halo can be accounted for by the production (via m-p-e decay) by

cosmic-ray nuclear collisions in the galactic plane and subsequent diffusion to
the halo. However, GINZBURG and SYROVATSKY [25] conclude, by a similar analysis,
that the halo radio electrons cannot be expalined in this manner, and that the
expected secbndary electron spectrum is smaller bonne or two orders of magnitude
than the value defived from radio observations. We feel that the astronomical
data are not known sufficiently accurately to expect agreement within an order
of magnitude. Moreover, we do not understand the results given in Figs. 5 and 6
of the paper by GINZBURG and_SYROVATSKY; it appears to us that the electron
spectra computed for the higher assumed mean galactic gas density n should be
proportionally larger, offsetting the small effect of increasedcollisional energy

—_— 2

loss.

[

Il the energy radiated per sccond per interval of frequency by an electron
£ 2 y, tl ctral intensity (erg/sec-cit-ster-T
or energy ym.c is P(v,\é , the spectral intensity (erg/sec- -ster-frequency

interval) of radiation received from a direction r is
Vool
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con (y) P(v,yé) dy, dr, (20.1)

-1
) Jd ele

I, = GE/dvdhdddy = (by
where n(vy.) dyé is the differential electron density. For an electron spectrum
Tne invensity Iv ray be computed approximately oy taking P(v,yé)
P . . - R . S 2
to te equal to the expression (9.1) for aEe/dt times a §-function é(v-vLyé ) at
freguency where P(v,yé) is a maximum. Assuming a constant magnetic field H and

r
a patn length jdr = Rh’ the haloc radius, we obtain a familiar result:

(Te-3)/2 -(Te-1)/2

-1 2 2
I, ~ (12m) er © K, R E v (20.2)

a power law spectrum with exponent o = (Fe-l)/2 is also obtained using the
exact expression for P(v,yé).' The constant Ke may be determined by the observed
value (500°K) of the radio brightness temperature T, = I, X2/2k at 100 Mc/sec in

the direction of the galactic pole. Employing Equation (20.2) with H = 3 x 10'6

22 T L2.8 (¢ =0.9), ve obtain K. = 1 x 10°0 cn™3. This
e e

£auss, Rh = 5x 10
number is to be compared with the value calculated from the production and loss
processes. By Equations (4.3), (6.1), and (14.1) we get for the calculated Ke:

,ﬂ2 Fe-l . ’
K, ~ (8n/9) AN (mn/ume) Kp (nH> L (20.3)

2 3

Using the previously assumed values Kp = 100 em” sec_l, (nH> = 0.03 em ~,

TL = 3 X 1015 sec we calculate Ké =1x 10'6 cm'3; the agreement with the radio
value is fortuitous. Actually, the observed radio spectrum has an index « ~ 0.7-0.8,
and we have adopted the "theoretical" value 0.9. This discrepancy may not be‘
serious; the observed slightly flatter spectrum could be accounted for by a slight
variation with Yo of the effective value of TL. For example, if I, were slight}y
shorter for the low energy electrons (caused, perhaps by another energy loss

process at low energy) the smaller value of o and Fe could be understood. A

more accurate treatment of the production spectrum could also indicate'a smaller

value Tor o and Fe. Further, we might mention that with our assumed values of

the parameters (density, magnetic field, etc.) for the intergalactic medium)the
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calcilated synchrotron intensity in the radio region from the intergalactic
vediwa is comparable to that from the halo, while, as is seen from Figure 6,
tne calculated intergalactic synchrotron radiation is actually greater by ~ 10
at tThe nigh energy end. Admitiedly, our calculations are based on many assumptions,
but these assumptions may well be valid, and much of the observed non-thermal
v e -, it . . . . 13
radio pacxground radiation may be coming from the intergalactic medium.

13

Recently this view has also been expressed by some radio astronomers, for

example, J. E. BALDWIN at the Second Texas Symposium on Relativistic Astrophysics

(proceecdings to be published by the University of Chicago Press).

It is of interest to consider the requirements on the intergalactic magnetic
field if the FELTEN-MORRISON idea is correct. From Figure 6 we see that for the
1
curve C to pass near the points X, A, and K-C, the value of Ke must be larger

. - -2
by a factor ~ 30, or must be ~ 3 x 10 7 cm .

One can then compute the inter- -
galactic magnetic field, by Equation (20.2) with R -5 x 1927 cm, & the Hubble
radius, necessary to produce a brightness temperature of 500°K at 100 Mc/seé.
One then‘finds 1lx 10—8 gauss for this magnetic field. Thus, if the FELTEN-
MORRISON idea is correct, the intergalactic magnetic field must be less than

1 x 10'8 gauss.

Finally, we should like to mention some fﬁrther checks on the calculated
spectrum of the halo electrons. Recently the French-Italian group (AGRINIER}EE al.
[8]) nas reported the measurement of a primary cosmic ray electron flux of
6.6 x 1o'u particles/cm?-sec-ster for E_ > L.5 BeV, corresponding also to an
electroq/ﬁroton cosmic ray ratio of 1 x 10_2. This measurement of the primary
electron flux at fairly high energies is probably more reliable than results of
measurenents at lower energies which are influenced by solar aétivity. The
reasured flux is to be compared with that from the calculated spectra above

6

2 . . - -
%.5 BeV (y, > vy, = 4.5 BeV/mc”). Onme finds, with K, = 1 x 10°° a3, T_ = 2.8,
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a Tlux
© : T
f, = (hn)-l j cK, Yo € dy, ~1 x lO'l+ particles/cm?-sec-ster. (20.4)
Y
Tnis fiux is somewhat smaller thgn the observed one, but in view of the
uncertainties involved in the calculations, agreement within an order of
nagnitude is all that éne could hope for.

Another check on whether the observed cosmic ray electrons result from
secondary production can be made by a measurement of the positron/electron ratio.
This has been done by the group at the University of Chicago [8], who conclude
that their measurements are inconsistent with the assumption that the bulk of the
electron and positron spectrum is a result of secondary production. If indeed
electrons and positrons of galactic origin are being observed, this would settle
the question. Again, we take the conservative view that the question is still
open, since the méasured ratio is only off by a factor ~ 2 from the ratio expected

on the basis of secondary production.

h) Tests of Cosmological Theories

21. The Hot Universe Model - Bremsstrahlung from the Intergalactic Medium
COLD and HOYLElu have suggested a cosmological model in which the intergalactié
14
- T, GOLD and F, HOYLE: Paris Symposium on Radio Astronomy, ed. by R. N.

BRACEWELL (Stanford: Stanford University Press 1958)

rnedium is at a very high temperature (~1109°K). The high temperature is supposed
to arise from the ~ 1 Mev electrons which would result after the decay of
spontaneously created neutrons as envisioned by the steady-state theory. Galaxy

formation within the framework of this model was considered by BURBIDGE, BURBIDGE,
and HOYLElS.
15

E. M. BURBIDGE, G. R. BURBIDGE, and F, HOYLE: Ap. J. 138, 873 (1963)

An observational test of this model can be made, since such a hot

intergalactic medium would emit thermal bremsstrahlung photons in the x-ray

- 34 -



region where observations have been made [18]. For a mean thermal electron

erersy <Ee> = 50 kev, and a density n_ = n, = 1.2 x 1072 cm™3 the rate of pro-

Guction of bremsstrahlung photons within the energy range of the observations is

27

1072 photons/cm3-sec [24]. Taking a cut-off radius R =5 x 10°' cm

abouv r, = 1.17 x
for the universe, one calculates a flux fb =T R/bm ~ 50 photons/cm?-sec-ster

to ve expected at the earth. This flux is ~ 10 times the observed x-ray background
flux and is evidence against the hot universe model (and the steady-state theory

with spontaneous creation of neutrons). Actually, if the appropriate inter-

galactic density to be used is four times the uéually adopted 2 x 10_29 gm/cm3, . ..'”
as cuggested by SCIAMA}6 the disagreement with observations is even more violent.

16
D. W, SCIAMA: Quart. J. R.A.S. 5, 196 (196k)

In any case it appears that the x-ray observations have established an upper
limit of lOT°K for the temperature of the intergalactic medium.

22. Matter and Anti-Matter and the Steady State Cosmological Theory The

attractive feature of the steady state theory is its simplicity. The unique feature is

5 =3

a spontaneous creation rate of "new" matter dn/dt ~ 3 Hn, where n ~ 1077 ¢

is the mean matter density in the universe (taken to be the mean hydrogen density

in the intergalactic medium) and H is the Hubble constant (3 H ~ 1077 sec'l)

One might expect that in the spontaneous creation process, to conserve baryon
and lepton number, particles and anti-particles are created. Since the expansion

rete constant 3 H is about two orders of magnitudé greater than the annihilation
rate (see below), BURBIDGE and HOYLE. |
17 .

G. R. BURBIDGE and F, HOYLE: DNuovo Cimento ﬁ, 1 (1956)

suggested the possibility of an appreciable

abundance of anti-matter in the universe. This idea can be put to a test, since
the end products of matter and anti-matter annihilation are observable high

energy y-rays.
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Let us suppose that (p,e”) and (§,e+) are spontaneously produced and nhave

steady state mean number density n = 1072 cm™3 and an respectively, where o

o

Gerotes the mean ratio of anti-matier to matter (or vice-versa). The electron-
positron annihilation cross section at non-relativistic energies is [11]

G, = ﬂroe/B, where r_ is the classical electron radius and B = v/c. The
annihilation rate is then dna/dt -3l nro2c ~a X lo-2h em™3 sec'l, and the

expected flux of 0.51 MeV photons from the intergalactic medium out to a distance

R~5x1027

cm is 2R dn_/dt ~Q X lOLL photons/cm2-sec. This can be reconciled’
with the upper limit of lO'2 photons/cmz-sec suggested by ARNOLD et al. [19]
only if o < 10-6. This means that if there is appreciable anti-matter in the
universe, it must be separated from matter, so that it cannot annihilate and
produce observable wy-radiation.

A 1limit on the amount of anti-matter in the universe can alsc be provided
ffom an analysis of the wy-ray experiments at higher energies which can detect
m° -decay v's. In the proton-antiproton annihilation ~ 5 pions are produced,
some of which are n°'s which produce y-rays of energy ~ 100 MeV in their decay.
In each p-p annihilation about mY =k y-rays are froduced. The cross section
for p-F annihilation is 0= o_/B, where o_ = 5 x 1072 o and e is the

p)

relative velocity.l8 Again setting n(= 10~ cm'3) and cn equal to the matter and

18

C. A. COMBES, B. CORK, W. GALBRATTH, G. R. LAMBERTSON, and W. A. WENZEL: Phys.

Rev. 112, 1303 (1958)

anti-matter densities respectively, the mean number of y's produced in the

3 2 ap™3 -1

universe per cm” is mY"an2 coc ~ax 6x 10-2. cm ¥ sec . If this production

27

occurred in the universe out to a distance R =5 x 10 cm, the resulting flux
of wv-rays would be consistent with the KRAUSHAAR-CLARK experiment only
if o< 10_6 - the same limit established from the observed upper limit for the

intensity of the cosmic positron annihilation line. Thus, it appears that in the
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zteely state cosmology matter and anti-mevier cannot pe created in comparable
emounts in the same region.

Finelly, regerding ccsmological tests, we should like to mention the recent
Giccuscion by GOULD and SCIAMA [26]. They indicate how the measurement of the
shape ol an emission line, smeared into a continuum by the cosmic differential

red shift, would provide information about the structure of the universe at

great distances.

III. DISCRETE SOURCES OF HIGH ENERGY PHOTONS

It has now been demonstrated quite conclusively by the NRL [18], [27], [28],
MIT [17], [29], [30], and L;ckheed [31], [32], [33] groups that there exist
Giscrete cources of cosmic x-rays. About 10 such sources have been found and
their properties are described below. The problem of the types of astronomical
object and the mechanismsof emission which give rise to these sources is as yet
unsolved, although it appears that there are only a few possible explanations.
While the basic mechanism by which the x-rays are produced is not known, the
present indication is that the x-ray sources are galactic and, in fact, are
supernova remnants. This viewpoint ié advanced here where supernova remnants,
as sources of x- and y-rays, are discussed in some detail; the Crab Nebula in
particular receives considerable attention. We also disguss the x-ray source
at the galactic center. However, before considering these specific objects, we
give a general review of possible galactic sources and then discuss the possible
physicai mechanismsfor high energy photon production in discrete sources.

a) Ceneral Summary of the Observeations »

\

23. The positions and intensities of the discrete x-ray sources as they

are Xnown at present are given in Table 2 which is taken from the paper b
D g
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Z0WZZR 2t al. [27]. Results reported oy the other experimental groups (MIT

end Lockneed) are in essential agreement with these in regards to both the

-

nositicns”? and intensities ¢ the sources. e wncertainty in the positions

Fecent unpublished work by the Lockheed group has given a more accurate

~h

ion Tor “he Sco XR-1l source: o« = 16 lkm, 6§ =-15° 36 , with an expected

o the sources is given as 1.5°, while the Tau XR-1 source has been localized

to within 1' of the optical cehter of the Crab Nebula. The observational results
ocn the Cradb source will be surmarized in more detail later (Sect. 29). The
diccrete sources appeér to have a spatial distribution showing a concentration
toward the plane of the Galaky, indicating that the sources are probably galactic
and at characteristic distances of ~ 1-10 kpc, The most intense of the x-ray
sources is that in the constellation Scorpius (Sco XR-1) from which én X-ray

7 2

Tlux of about Fx ~ 107" erg/cm-sec is detected. The flux from most of the
other sources is about one-tenth as large as that from Sco XR-1l. With the
exceptién of Tau XR-1, none of the sources have been identified with a'reasonable
degree of certainty with any radio or optical objeéts, although there have been
some tentative idéntifications.

Attempts héve‘been made [34] to identify the Scorpius x-ray source with
thé so-called spur of radio emission which some have argued is a comparatively
nearby supernova remnant. However, i£ has been pointed out [35] that this
positional identification is very poor since even with'the uncertainties quoted
Tor the positioh the center of the radio source coméonent is some 27° away. Thus
Tthe situation here is uncertain. '

Of the other x-ray sources, it is of interest to note that Oph XR-1 is

1.1° away from the position of KEPLER's 1604 supernova and that Sgr XR-1 is

2.3° from the galactic center.
o
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Sco AR-1 nas peen estevliched to ve less than avbout 0.2° by

itn the exception of Tau XR-1l, all that is xnown

s

cotn Tneé NRL and MIT groups. ¥
anouv vhe sizes of the other sources is that they are less than about 10° in
cxtent. Little is xnown at present about the spectra bf the x-ray sources.
From tne change in the counting rate from Sco XR-1 as the rocket was pé.ssing.
througzn tﬁe upper atmosphere (in which absorption is wavelength dependent) the
NRL group [27] has concluded that 1/3 of the observed flux from the strong
Scorpius source is emitted in the 1-6 A band and 2/3 of the flux is emitted in
the 6-10 A band. Such a spectrum is compatible with emission from a black body
having a temperature éf 2 or 3 x 106 degrees. However, these results on the
spectra of x-ray sources are suspect; the Lockheed group [33] has found an
effective black body temperature of ~ 2 x lOT°K for the Scorpius source - an
orcer of magnitude higher than that repcrted by the NRL group.

b) Possible Galactic Sources

If an x-ray source at 10 kpc is to produce an x-ray flux of 10_8 erg/cm?-sec,
ité x-rdy luminosity must be 1038 erg/sec. Clearly, no individual normel star
could produce such a luminosity in x-rays. For, aithough.there are stars which
have a EEEEE lumiﬁosity this large, the atmospheric conditions in these stars
are such that most of the radiation emitted. is at much lower energies (~, say,

10 eV). The sun emits x-rays from its corona and from flares, but at a much
smaller rate (lO21 to 1026 erg/sec). Only the cumulative effect of very populous
clusters or the integrated effect of the stars in the galactic bulge could
Possibly produce a significant x-ray flux. This ﬁossibility will be discussed
later (Sect.33 ); suffice it to say for the moment that these combined effects
or stellar coronae appear likely to be unimportant. However, there is an

sonormal type of star which, at least for part of its evolutionary phase, emits

& spectrum peaked on the x-ray region; this 1s the neutron stvar., We prefer to

discuss neutron stars after first considering supernovae, which are known sources
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oom D)

¢l large amounvs of energy and high luninosity.

2Lk, Supernovae Allhougn much of the energy released in a supernova is

L
o
%)
(@]

on aller Tne outourst, the remnants still possess a large amount of
o ; ; . N s ~ 138

cnersy and could possibly maintain an x-ray luminosity of 10 erg/sec for nuch

lonzer times. The required characteristic loss time Tz

ve aetermined approximately as follows. Let us suppose that the NX ~ 10 x-ray

for x-ray emission can’

sources are galactic and resulted from supernova outbursts. Since the rate of
supernova outbursts and formation of x-ray sources in the Galaxy is

ai_/dt ~ 1/100 yr, we must have

(d“Ns/dt) TL = Nx}

(24.1)

Ty~ 1000 yr.

Clearly, this result must hold for whatever type of mechanism is to produce the
X-rays, as long as the origin of the x-ray‘sources is to be supernovae outbursts.
Moreover, if a characteristic time for x-ray emission by some process is computed
to be much shorter than 1000 yr, then without regeneration that process cannot

account for the x-ray sources. . It is of interest to compare T, with the expected

L
lifetime of total emission from the Creb Nebula (see Sect. 29), for which
o K3 o 1037 _
E o ~107 ergandLl, . ~10 erg/sec. Then Etot./Ltot. ~ 3000 yr ~ 3 1,.

Supernova remnants can emit high energy photons through a variety of pro-
cesses and at very different power levels. After the initial outburst, emission
can occur by the synchrotron process, by bremsstrahlung in the high temperature
gas produced by the expanding ejecta, and by the radioactivity produced. The
initial outburst is more spectacular, however, and we shall now consider what'can
be expected during this very early, violent stage.

25. Early Phases of Supernova Outbursts At this phase two processes may

ve important. Tnese are:



(&) Iuclear y-reys emitied in the process of nucleosynthesis at the time of

(o) wy-reys emizted through the early interaction of a cloud of relativistic
sariicles with the magnetic field and material in the expanding shell.

If in & supernova outburst, the inner parc implodes and the outer part is
suadenly heated so that hydrogen burning takes place very rapidly, we can suppose
that the bulk of the energy released is degraded through its passage through the

maverial, but some fraction, perhaps the energy released in burning 0.01 Mg of

will be emitted as y-rays in the Mev range. Thus we might suppose that

hydrogen,
0 . . . - . C s
lO5 ergs 1s emitted in ~ 1000 seconds. TFor a galactic supernova at assumed dis-

-1

2

p)

tances of 1 and 10 kpc this éives fluxes at the earth of lO3 and 10 erg/cm2 sec
fantastic rates. However, the appearance of a galactic supernova is highly
improbable. From extragalactic supernovae at characteristic distances of 10 and
.
100 Mpc the fluxes would be 1077 ard ],O_7 erg/cm2 sec™t respectively. These
rates are obviously uncertain by several powers of 10. It might also be expected
that some part of the flux is degraded to the energies of a few kilovolts and is
emitted as x-rays. As an upper limit we might suépose that this flux is of
comparable intensity for a few days with the flux at maximtm light from the suéer-
nova. If we suppose that it reaches a value of M& = -18 this corresponds to

lOu3 erg/sec and at distances of 1 kpc and 10 kpe (Galactic) and 10 Mpc and

100 Mpc (extragalactic) fluxes at earth of 107 and 1073 erg/cm2 sec™t (Galactic)

11

and 1077 and 10° erg/cm2 sec™t (extragalactic) may be expected.

A large flux of relativistic electrons is currently present in many super-
nove remnants, and it is possible that this in part is the remmant of a much
larger flux of relativistic particles which was produced at the time of the out-

burst. Let us suppose that some.lOSOergsof'particles, largely protons, was

generated in the explosion. If they are originally confined in an expanding




niaining a magnetic field ({ney are the relativistic plasma component),

.crn cecause of the high density in the shell in the first hours they will

larscly oe aestvroyed, and their energy will be dissipated in the form of neutrinos,
yurays; end electrons and positrons which radiate in the magnetic field. A large
flux of high energy (= 100 Mev) y-reys will thus be generated and we might expect

L5

fluwzes to escape over this period at a rate of perheaps IOLM - 10 erg/sec. For
reasonable magnetic field values the synchrotron radiation will not lie in the
X-T&y Or y-Tange. However, it is possible that some part of the electron-
positron flux will be dissipated py COMPTON collisions with thermal photons in
which wv-rays are emitted. It is obvious that these suggestions are highly
" speculative. However, it is clear that detection of a supernova explosion by
x-ray and y-ray telescopes would give much information on the conditions at
the early phases. For example, if there are no high energy wy-rays emitted this
night e interpretedvas meaning that thefe was no early generation of a large
flux of relativistic protons.

26. Hard Radiation Emitted through Radiocactivity, It has been suggested

that in a supernova outburst considerable nucleosynthesis takes place2o. In this

20

E. M. BURBIDGE, G. R. BURBIDGE, W. A, FOWLER, and F. HOYLE: Rev. Mod. Phys.igg, -

557 (1957) ' )

a large flux of neutrons is added very rapidly to seed nuclei (r-process) building
up to nucleil with A < 270 and giving rise to large>numbers of neutron rich nuclei
which subsequently decay. It is still not clear what fraction of the supernovae
goes through this process but in connection with the possibility of checking

this theory CLAYTON and CRADDOCK [36] have made calculations of the fluxes of
y-rays to be expected following such a process. The wy-ray line spectrum 1s

C s oo .. . 21 .
calculeted from the production curve for the r-process isotopes . Using these
21

D. D. CLAYTON, W. A. FOWLER, P. SEEGER: Ap. J. Suppl. (to be published)
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aoundances the best estimates are made of the prompt y-ray spectrum using the
clear erergy levels. Also, an estimate has been made of the y-ray flux which’
1c enitted in spontaneous fission in such isotopes as Cf252. The fluxes to be
expected for a supernova remnant at the distance of the Crab (~ 1000 pc) are
shown in Fig. T taken from the calculations of CLAYTON and CRADDOCK. The
strongest line (390 kev line from Cf2h9) radiates at a rate 1037 photon/sec at
the source. The calculations have been normalized for.the assumption that in a
supernova rermant 1.5 x lO—lL MG (3 x.lO29 gm) of szsh are produced. This is
adequate to explain the light cugve of a Type‘I supernova on the assumption2othgt
this is due to Cfgsu. tection of such a flux is'being attempted at the time
of writing. This will give a direct observational test of this hypothesis of

r-process isotope synthesis in Type I supernovae.

27. Neutron Stars It has been pointed out by CHIU [37] and FINZI [38] that,

since it is possible that neutrdh configurations may be reached as an end phase

of stellar evolution by processes which leave the star extremely hot, such ﬁon-
figurations may, for rather a short period, be thermal x-ray emitters. However,
from the theoretical standpoint it must be concedéd that at the present time we
cannot demonstrate conclusively that stable neutron configurations are ever

formed or can exist if formed. The presumption of these authors is._that the
neutron configurations are formed during a supernova outburst, as was first pro-
posed by BAADE and ZWICKYQEmany years ago. There are many theoretical uncertainties

22
W. BAADE and F. ZWICKY: Ap. J. 88, L1l (1938); F. ZWICKY: Ap. J. 88, 522 (1938) .

associated with neutron configurations which we mention breifly.

t is well known that there is a critical mass for a degenerate neutron con-

Hy

iguration above which no steble equilibrium is possible. This result was first

derived by LANDAU23 and calculations by OPPENHEIMER and \{OLKOFF‘2LF gave a value of

24 '
L. LANDAU: Pnysik Zeit. Sovietunion 1, 285 (1932) J. R. OPPENHEIMER and

G. M. VOLKOFF: Phys. Rev. 55, 374 (1939)
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asous 0.7 M, for thnls observable mass limit. While in later calculations this
macs 1imit has veen slightly revised, it is clear that tne mass limit lies near
Even the doubtful assumption of a hard-core nuclear potential, which is
xnown to be incorrect from relativistic considerations, only extends the maximum

- o s sq s - - s . . 23
nass To about 3'M®. In fact it is clear from the earliest considerations that
Tthe meximum mass is very insensitive to the equation of state at nuclear densities
and above. For masses above the critical mass it appears that implosion must

o curgs. For a modern review see HOYLE, FOWLER, BURBIDGE, and BURBIDGE26.

B. DATT: Zeit. f. Ap. 108, 314 (1938; J. R. OPPENHEIMER and H. SNYDER: Phys.

Rev. 56, 455 (1939).
26
T. HOYLE, W. A. FOWLER, G. R. BURBIDCE, and E. M. BURBIDGE: Ap. J. 139, 909 (1964)

Thus, if neutron configurations which can exist long enough to be detected as
sources of x-rays come from supernova outbursts, it is required that in the super-
nova outburst sufficient mass ig ejected so that the resulting configuration

Talls below the limit for support by a degenerate neutron configuration. None

of the attempts to unravel fhe proceéses of supernpva outbursts have yet givén
any real indication that such conditions can be achieved. The attempts by the

20, 27

California-Cambridge group have not been able to answer this question.

27

W. A. FOWLER and F. HOYLE: Anh. Phys. 10, 280 (1960); Ap. J. Suppl. 9, 201 (1964)

Even the range of masses of stars which become supernovae is in doubt, but it
appears highly probable that the Type II supernovée are stars of quite large mass
~ 30 M 27. All of the discussion of the supernova oufburst as it applies to the
last pheses of nucleosynthesis, and neutrino emission, etc. have been éarrieq out
by neglecting the effects of rotation. However, as has been shown by HOYLE et §£?6
this may have the effect of allowing a massive star to’fragmen?, either into white

26

dwarf, or into neutron configurations (cf. Equation (L45) of that paper ). In

vne work of CHIU [3T7] no conclusion as to whether a degenerate neutron con-
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Tlguration with a mass below the critical mass is left has been reached. The

only eivempt at a hydrodynamical calculation of the implosien of a supernova

- ot w oo . . . . . 2
ceicre rolativistic effects become important is that by COLGATE and his colleagues

o

no

S. COLGATIE: Proc. of the Jaipur Conference (in press)

This calculation follows the collapse until nuclear densities are reached, but
Tthen it 1s supposed that a bounce occurs and the outer envelope is ejected. The
calculation is not able to determine what fraction of the mass is left as a
degenerate neutron Configuration.

The only supernova remnant which can be studied in any detail is the Crab
Iebula. While there are uncertainties in the mass of the nebula, analysis shows

that it is only29 ~ 0.64 M, so that if the outburst originated from a star with
(O]

29
C. R. O'DELL: Ap. J. ;.;6, 809 (1962)

a mass in excess of about 3 MO (and the type of supernova involved is .still un-
certain, as is the relation of type with mass) it must be concluded either that
a large remnant has imploded or else that it iélfragmented into a number of néﬁtron
stars.

Finally, there is some question about the stability of neutron configurations.
The question of their dynamical stability has recently been considered for a
range of models by MiSNER énd ZAPOLSKY3O who have concluded that dynamically

30
C. W. MISNER and H. S, ZAPOLSKY: Phys. Rev. Letters 12, 635 (1964)

stable solutions exist for stars below the maximum mass for cold static equilibrium.
There is thus considerable uncertainty as to whether neutron stars are ever

formed. If they are then detection of their x-rays emitted while the surfaces

are still hot might provide the only direct observational test of their exisfence.

Wnether they are likely to be detected depends on the time that they may be

expected to spend with their atmospheres hot enough to emit x-rays. The first
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celcilations of the cooling rates [39], [40] susgested that such stars might
cmit for periods ~:lO3 years. Thus il they were embedded in supernovae remnanté
such as the Crab which exploded in 105k A.D. we might expect to detect them.
The cooling is dominated by the‘neutrino production rate in the inté}ior since
the neutrinos escape from the stars with a negligible probability of being
scattered or absorbed. A recent investigation by BAHCALL and WOLF {41] (see
also FINZI [uz‘]) taking into account the cooling xeaétions

n+n-n +p+e + 3; |
and

n+m on +u +3
and their in#erses. If the first reaction alone is operating)the cooling rate
is such that atmospheric temperatures only remain ~ 2-3 x 106 degrees for about
10 years. There is still some doubt as to whether the second process operates,
but if it does the cooling timeé are very much shorter than this. In any case,
because of thelargument previously given [see Eq. (24.1) and discussion], the
shoft cooling time for neuﬁron staré would rulé them out as likely sources of
X~rays.

From the observational side also there are very strong arguements against
the>neutron star hypothesis. The occultation observation of the NRL group [28]
which shows that the source in the Crab has a diameter ~ 1 light year rules out
its béing a single neutron star and the existence of a cluster of such stars is
improbable. Also, the observation of fluxes of 10-50 kev Xx-rays is not
explicable in terms of a thermal source, since temperatures ~olO8 degrees are
required, and these are far above that'which the surface of a neutron star céul@
atvain for any significani time.

¢) Mechanisms for X-ray Production in Discrete Sources

28. Apart from the mechanisms discussed earlier in this section, there are



chree possible mechenisms for the x-ray production: (1) COMPTON scattering,
(2) ‘oremsstraniung, and (3) synchrotron emission. When x-ray sources were
first discovered, the possibility that they were neutron stars was discussed
©t length, but as was shown ih the previous sub-section this explanation now
eppears to be untenable. It has been suggested [43] that the x-rays from the
Crab are due to COMPTON scattering of the radio-optical synchrotron photons by
the asscciated synchrotron electrons; in this manner the synchrotron photon’
cnergy is amplified by a factor \é2’ where \émécg is the energy of the
(cynchrotron) electron involved in the scattering. However, as has been
emphesized recently [LU4], the intensity of this COMPTON-synchrotron radiation
can be shown to be far too small to explain the observations. The effect is
smail essentially because the probability that a synchrotron photon undergoes
such a COMPTON scattering before escaping from the nebula is very small. The
Crao 1s one of the mést intense galactic radio emitters and if the effect is
small for it, one should not =xpect to observe the effect in other galactié
obJjects. One might think that COMPTON scattering might produce a large x-ray
flux from quasi-stellar radio sources in which thé photon density and high

energy electron density are large. .Again, however, simple calculations indicate o

-

a completely negligible and unobservable x-ray flux from this process. anseif

quently, we are led to rule out COMPTON scattering as an x-ray production
mechanism in discrete sources3l.

3L

T See

This leaves only the synchrotron and brems-

however;, V. L. GINZBURG, L. M. OZERNOI, and S. I. SYROVATSKY: Doklady

J
Akxad. Nauk SSSR 154, 557 (196k4); transl. Soviet Physics - Doklady 9, 3 (1964).

. rFweT
They consider circumstances where one might be able to detect COMPTON-synchrotron

vhotons of energy A4107-108 eV at a rate ~ 1077

photons/cmg-sec from the quasi-
stellar object 3C273-B which has a negative radio spectral index o. Because of
the negative index, most of the COMPTON-synchrotron photon flux comes from the

\

nigh energy end of the spectrum. The expected number of x-ray photons is
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suranlung processes as possiblé.x-ray sources.

First we consider the possipility that the x-rays from discrete sources are
cyacnrotron radiation. We shall assume that an x-ray flux F_ = 10'8 erg/cm?-sec
comes Irom a galactic source at a distance r = 10 kpc; the x-ray luminosity of
trne source is then LX = @nrng =1lx 1038 erg/sec. Further, we assume for |
cimplicity that the x-ray flux is at an effective wavelength 3A and f?equency
Vo= 1018 ¢/s, which is the characteristic synchrotron frequency vL\%2 emitted -
oy clectrons of energy Ee = yémecg. For a magnevic field H = lO—u gauss (the
assumed value in the Crab Nebula) the electron energy required is Ee(“'H-l/e)
= 3 X 1013 eV. For such a high energy electron the lifetime against energy loss.
by synchrotron emission is only I:.ﬂe(dEe/d’c)_l = Te(“ H-3/2) = 30 yr. The ‘total
energy in these electrons necessary to producé the flux Fx is Et (e FxrgH-3/2)
= 1 x thT erg. We note that: (1) The electron energies required to produce
synchrotron x-rays are extremely high, (2) their lifetime is very short, and
(3) the total energy involved is comparable to the energy released in a super-
nova outburst. Actually, the energy Et quoted é’oov’e is really the minimum
energy of the highly relativistic electrons, since it includes only %he synchro=
vron electrons producing x-rays. The contributions of the lower energy extension
of the electron spectrum to the total energy would increase the value of the
total energy by an amount depending on the index of the spectrum and the
low energy cutoff. For the case of the Crab Nebula (see Sect. 29) the
excension of the x-ray spectrum (which has an index of about 1.1) to the
visible leads to a total electron energy which is not excessively large

¥ exg)

(~ 207 erg).

o

However, it is very significant that the lifetime of the high
energy electrons required to produce synchrotron x-rays is appreciably less
vaiarn the age of the Crab Nebula and other supernova remnants, because it would

mean that the electrons would have to be continuously or at least periodically



producea. IT they are spasmoaically produced or accelerated, one might expect

0 ovserve variations in the x-ray intensity over time scales < 10 yr.

~

Secause ol tne difficulties associated with the hypothesis that the x-rays

Trom Glscrete sources are produced by the synchrotron process, it is worthwhile
consldéering an aliernative model in which it is supposed that an outburst gives

rice 1o a small very hot cloud which continues to emit x-rays as part of the

.
L

trhermal oremsstrahlung. We now discuss the properties associated with such a
mocdel. Earlier, we had suggested that the source at the galactic center resulted
Trom bremsstrahlung. At the time we envisaged bremsstrahlung production by non-

thermal electrons of energy greater than the energy of the x-ray photons. However,

about lO5

&s wes Tirst pointed out by ROSSI32
32
Private communication.

, times as much energy would be lost

oy these electrons in inelastic atomic collisions, so that if the x-ray luminosity

of the source at the galactic center is 1038 erg/sec, about lOL+3 erg/sec must be
supplied. This energy rate is excessively large on a galactic time scale

(lOlO

yr), although perhaps it may be supplied during shorter times.
In spite of this difficulty the conditions whereby x-rays are produced by

non-thermal particles may still exist. If so, there will also be production of

cnaracteristic x-rays, as was pointed out by us [24] and by HAYAKAWA and

MATSUOKA [45]. These x-ray lines are produced in the radiative cascade following
the ejection of K-shell electrons by the incident electrons or protons. Actually,
rmost of the K-shell vacancies produced result in the emission of an AUGER electron.

Tne provability of x-ray emission by an element is given by the so-called

hY

luorescence yield Which is small for the light elements. The x-ray line

1%
-y

v
A=

emission, say of the Ka line, is approximately proportional to the product of
The element abundance and K-fluorescence yield. One finds that the total intensity

O The x-ray lines in the 2-8 A region should be ~ 10% of the intensity of the
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vremsserenlung continuum in the same wavelength range. This result holds
ccrentially indepencent of the spectrum of the incident suprathermal particles
&nG nolas wnether the incident particles are protons or electrons. As HAYAKAWA

ara MATSUOKA have shown, the incident protons produce knock-on electrons and a

rediation continuum by inner bremsstrahlung during the knock-on process. The
observation of x-ray lines produced in this manner would be of great importance
because, among other things (Cf. [26]), the sbundances of the elements producing
x-ray lines could be determined in this manner. In Table 3 we list the K& ane;
lengths of the elements from carbon to iron along with their abundance and
K-fluorescence yield. It appears that the most intense lines would be'from

Si (7.1A) and S (5.44).

Energeticaliy, bremsstrahlung x-ray production is more efficient in a high
temperature (T A'IOT°K) and low density gas where the bremsstrahlung is produced
by thermal electrons.and constitutes a major source of cooling and energy loss
for the gas.

For the production of thermal bremsstrahlung the GAUNT approximation33 to

33 )
See, for example, H. A, BETHE and E. E. SALPETER: Quantum Mechanics of One-

and Two-Electron Atoms (New York: Academic Press, 1957).

the bremsstrahlung cross section provides an adequate simplification. .The

differential cross section for the production of a bremsstrahlung photon of energy

within h dw by an electron of velocity Be incident on a nucleus of charge Ze is

ch(e,w;z) - 16m 2? ot 2 & , (28.1)

0 2
3Y3 B
where « 1s the fine structure constant and ro the classical electron radius.
The bremsstrahlung energy spectrum emitted per unit volume by encounters with

ions of charge Ze is then

dEB(Z) R do—B(s,w;z)

Savap = By | —ap—— o vi(v) dv, (28.2)
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waocre {v) is the Maxwellian velocily distribution of the electrons; the
integration in Eguation (28.2) is over v from 2hw/m)2 to ®. One obtains

¢E,(2)

1/ ’
bo-3/2 2 2.2 v\ =hw/KT -
m = nenz 2 3 CY.AOflC Z (Em/n;e) e e’ (28‘3)

and Tor the total emission between w. and w

1 2
cE5(2) L -hw /KT -ha /KT
3 L _-3/2 2.2 s 7 1 2
oo = NPp 2 3 3/ aTimc Z (2rrkTe/m)2 F\E . e i} .
(wl <w< w2) (28.4)

The total energy emitted per unit volume over all frequencies (ui =0, w, ~ ®) is

nZn fcgs.mn& (28.5)
e Z
Z

dE, (2)

v -2
No =) war = L43x 207
Z

T
e

[\

It is noteworthy that the bremsstrahlung spectrum (Eq. (28.3)) is significantly
different from fhe spectrum of a black body, so that from measurements of the
X-ray spectrum it may be possible to.establish that some sources are hot
optically thin gases.

In addition to breméstrahlung, there 1s also cooling and x-ray emission by
electron-ion radiative recombination and by inelastic electron collisions with
ions followed by rédiative de-excitation (line emission). The line emission is
due mainly té oxygen and neon in high stages of ionization and the calculation
of the cooling and x-ray prodﬁction involves a calculation of the ionization
ecullibrium. Equilibrium is established between ionization by electron collision

and radiative and dielectronic recombination. Here we give only the results;

ct

he details will be published elsewhere. Preliminary results have already been

published [4L4]. TFigure 8 ives3)+ the rate of loss /ﬂ (erg cma-sec of the free
4 (=] g e
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The curve L in this figure Giffers from thet given in [44] at lower temperatures.

o Cur earilier wOrx & rough.esvimate of The dielectironic recorbination was used.

More cecourate calculations oy W. TUCKER at UCSD give the curve in Fig. 8.

(erg/cm3sec) of the free electron xinetic energy density by various

6

.

processes in the temperature ranze beitween 10° ard 10 °K. t is seen that

N

sremssirahlung dominates the cooling at higher temperatures. In Fig. g we give

the rate of production of x-rays (px = Px/ni) in the 1 - 10 keV range as a

)

unciion of temperature. In the calculation of these processes a general cosmic

[

abundance of the elements has been assumed. The cooling time (Tc zs3kTe/neAe), :
density (ne), and mass (M) of a volume V of gas required to produce the observed
X-ray fluxes are of prime interest. We assume the source to be at a distance

r = 10 kpc and to produce an x-ray energy flux F, = 10'8 erg/cmg-sec on the range

1 - 10 keV. Furthef,,we assume the gas to be at a temperature of lOT°K; parameters
Tor other values of the temperature may be determined readily from Figs. 8 and 9.
Since »

F, = pns V/knr?, | - (28.6)

61

this choice of Fx’ T, and r fixes the product niV at 4 x 10 cm-3. Then for

& range n_ = 0.1 %0 10* en”3 T~ 10% 40 103 vz, v ~10% £0 102 pe3, ana

M~ L4x lO5 to 4 solar masses. The associated optical bremsstrahlung intensity

is of interest and depends only gn the choice of T. One finds that this intensity
corresponds to a l2th magnitude visual object which may be observable, depending

on the extent of the source.

d) The Crab Nebula .

29. The general observational data on the Crab are probably more extensive
Than for any other celestial object with the exception of the sun, &lthough the
serneral physical state of the Crab as derived from these observations is poorly .

7

R -~ ; L =] l
Known. Paoton fluxes have been detected over a frequency range from 10' to 10 9 c/s.
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Cosccrvations ol continuum radisbion emitted by the Crab have been made in

R N P S = [T el N - -~ -— —_———— - 29
croenvielly <nree freguency ronges: the radio ran

e-” ., the optical range ™", and

R. .G, COXVAY, X. J. XELLERMANY ard R. J. LONG: M.N. 125, 261 (1963)

The x-ray range [18], [46]; Figurel0 summarizes the results. The radio spectral

determined by the values’ [1.23 x 10723 w/m2-(c/s)] of F, at v = L0O Mc/s. The

. | Y o . 1k
fyncoroiron spectrum apparently retains this form vp to a frequency vm = 10 c/s
at the veginning of the optical region. Designating this region v < Vi as the
radlo range the radio luminosity Lr can then be computed from an assumed distance
d = 1030 pc to the Crab:

l-c

v
m
- -1
L. = Lma® j Cv Q&y = bmd® Cr(l-a) v ~ T4 x 1036 erg/sec. (29.1)

0
The luminosity in, for example, the visible range (v = 4-8 x 1olu c/s) of the
optical region is

L, ~1.7x 1036 erg/sec.

l
-

Assuming a spectrum Fv < v with @ = 1.1 for the low energy part of the

x-ray region, the observations of the NRL group [18] in the range

7 18

3 x 10 <y < 107" c¢/s indicate an x-ray luminosity

36
| Ly = 1.6 x 107 erg/sec.
The observations of CLARK [45] in the higher energy x-ray region between
5> x 1018 <v < 1019 c/s suggest an index «" =2 and an x=-ray luminosity in this
renge of

36
Lo = 1.6 x 107 erg/sec.

1% snould be noted that in the x-ray spectrum at the higher energies there is

&n apparent cutofl (see Fig. 10) or at least another change in slope.
g g
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sncn It was Glorovered thev tie Crau was an x-ray source, the suggescion
LD TLLE TRGT The Xe-reys were coning Irom a neulron svar formed during the
inizicl supernove ouvburst [13], (&7, An ovservavion desigred to test this
h«pothesis was carried out by the KRL group in July of 1964 during the lunar
occultation of the Credb [23]. Since a reutron star would be essentially a
boint source ol x-rays, as it would be occulued oy the 1imb of the moon the
ooserved counving rate would drop ebruptly Lo zero. Had this effect been
oncerved, it could have been taken as strong evidence for the existence of a
rnoueron star. t was not observed. Waen the NRL group éent up a rocket during
tne time of the occultation (which lasted only a few minutes) with a detector
systen designed to look av the Crab, they found that the x-ray counting rate

chtnged continuously during the occultation. This meant that the X-rays were

. i a = “ - . ’ !
coming from an extenced scurce. Tne angular diameter of the X-ray source was

found to be about 1', compared with an optical diameter of 2' and a radio diameter

. . - . L . ..
Assunming the radio spectrum C v is due to synchrotron emission b
i r

‘ -T
relativistic electrons, an energy spectrum ne(yé) = K_ v,  with I, =1+2«

29

= 1.54 is implied. If the mean megnetic field in the Crab is H = lO_u gauss

the LARMOR frequency is v. = 280 ¢/s, and the frequency v, = 101“ ¢/s would be

(vm/vL)E ~ 6.0 x 10°. The optical

L

emitted primarily by electrons with <Né)

]

raaiavion from the Crab would be emitted by slightly higher energy electrons.

~

the redio emission originates Irom

-
iy

volume

(O]

J“V =V the radio flux FQ is

OJ

related to Vo, &, K, H oy [see Eq. (20.1)].
-1
. 2 . 2.2 (Te-3)/2a _(T,-1)/2
F, ~ (12ma“) VoK, ery ETovp v . (29.2)

Jrom the value of the product V determined Irom the radio brightness we

0%

can compuve Tthe total energy ol tne radio electrons in the Crab:



2-T

- VX mce(er)-l( ) €
T 0% e TTe Ye/

(29.3)

~ 1.0 x 1048 e

beded
“e

ze 7 of the Crab is 910 years and we see that Er/T = 3.5 x 1037 erg/sec
>L ., L, L.

r’ v’ x .
For the assumed magnetic field 10'4 gauss the electrons lose energy at a rate

(Eq. (9.1)] - yé-l(dyé/dt) ~ oy, X 1.94 x 1077 sec'l; for y, < 1.8 x lO6

(v = v YS < 9.0 x 101H c/s), - ye-l(dyé/dt) <1 Thus, for the radio apd
optical electrons the characteristic time for energy loss by synchrotron emission
is greater than the age of the nebula. The rough coincidence of the critical
electron energy and synchrotron emission frequency with the value (Fig.]jﬁ above
which the spectrum is apparently reduced or perhaps cut off may‘be interpreted

as an indication that the relativistic electrons in the Crab were produced in

the initial supernova oﬁtburst. The absence of any continuous production of
high energy electrons would preclude any interpretation of the x-ray point in
Figuﬁelo as being due to electron synchrotron emission, since the lifetime
against energy loss through synchrotron emission ﬁy the energetic electrons
necessary to produce this s&nchrotron frequency is about 30 years << 1. An
important parameter in this discussion is the strength of the magnetic field. in
which the electrons radiate. We have chosen a value of H = lO'-'l‘L gauss, for
which the lifetimes of the radio and optical electrons are longer than 103 years.
However, if the assumed value of H is increased perhaps to 5 x 1o'h gauss, the
lifetimes of the electrons emitting the same synchrotron frequencies are decreased
by & factor of (5)3/2 (= 11.2), and the optical electrons have lifetimes less than
the age of the nebula so that continuous injection of such electrons is required.
to explain the optical radiation. Since the magnetic field étrength is uncertain

we shall consider the possibility of continuous injection of electrons in what
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llows. We also might mention that as GINZBURG, PIKELNER, and SHKLOVSKY36

O
—
o}

Loy

V. L. GINZBURG, S. B. PIXELNER, and I. S. SHKLOVSKY: Astr. Zuwur. 32, 503 (1955)

have shown, there might exist in the Crab an energy loss by scattering by
magnetic field condensations in the expanding nebula. These scatterings lead
to a FERMI-type statistical ggcele;ation of the electrons. The corresponding
energy loss is approximately -d\%/dt R:\éV/r, where V is the expansion velocity
of the nebula and r its size; thus r/V ~ T, the age of the nebula. This energy
loss process, if it is operative, dominates synchfotron losses for the radio and
optical electrons but is negligible for higher energy electrons. Wiﬁh ohly this
type of energy loss (<« yé) the electron spectrum ne(yé) retains the power law
shape of its production spectrum qe(yé).

Consider the case where the radio electrons of the Crab are produced con-
tinuously and, for simplicity, at a constant rate since the origin of the nebula.

37

Neglecting energy losses> +the continuity equation (13.1) reduces to

37
A similar result would be obtained if the FERMI-type statistical deceleration

were operative since the characteristic loss time for this process is approximately

T, the age of the nebula.

-T
an(y)/ot = a (y) =%y, °, - (29.8)

and so the electron spectrum at the present time would have become

-

e

n (v) = ma(y,) =Ky, (29.5)

If the continuous production is via meson production in nuc’ear collisions, as

was proposed38 by one of us, there will also be continuous production of
30 . "
G. R. BURBIDGE: Nuovo Cimento Suppl. 8, 403 (1958)

n°-decay photons, and it is of interest to compute the resulting m°-photon flux.

For a pion production spectrum qn(Yn) =k ¥ ™ the m°-decay photon production
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. - |
@n® /a7 ab a:% x_ (em /m) 7 . (29.6)

The opserved spectral flux of n¥-photons would then be

S
¥ (M = ajz/ay = (undg) f av(dn®/am at). (29.7)

Employing the relation (6.1) between K and k_ and Equations (29.2) and (29.5)
to determine kTr from the radio spectrum we find

L

(1) =1.0x 10" " x n‘l'su _ (29.8)"

For photons of energy around T = 200 (E ~ 100 MeV) the integrated spectrum with

AT/ ~ 1 gives B°m)dn~10J*W05u

~5.7T x 10-6 photons/cm?—sec. This photon
Tlux is almost four orders of magnitude smaller than the upper limit established
by KRAUSHAAR and CLARK [20].

One can also calculate the high energy proton flux required to produce the
pion production rate necessary to account for the secondary electron_density and

the radio spectrum. From this proton flux one Cap then compute the amount of

K-series and inner bremsstrahlung ' x-rays in the wave-

length range of the observations of BOWYER et al. [18]. The calculated x-ray flux,

for a low energy proton cut-off Yo = 1 is about 6 orders of magnitude smaller
than the observed flux.

A more definite conclusion regarding secondary electron production in the

Crab Nebula may be provided by an analysis of the observations of FRUIN et al. [48].

By employing CERENKOV light detectors to observe light pulses from showers in
the atmosphere they were able to set upper limits for the high energy photon
Tlux Irom the Crab Nebula and also from the quasi-stellar radio sources 3Cl47,

3C195, and 3C273. The threshold energy for their detection system was 5 x lO12 eV

- .
(T ~10'). The established upper limits to the photon fluxes are listed in Table 4 .
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I provens of energy T = 10' result from the decay of v 's produced in

fatleer collisicns, tne corresponding syncnroiron emission frequency in the-
Crud's mazmetic field by electrons resulting from tne decay of charged pions of

. . . . ~16 - -4 . .
ine same energy is about v = 10 c/s for H = 10 gauss. This frequency is

oout midwey (on the logarithmic scale) between the optical and x-ray frequencies

o

@v wnich the Crab has been observed (see Fig.10). It is of interest to compute

7 fron the Crab on the assumption that the optical -

tne m°-photon flux at T = 10
x-ray flux (if it exists) from the Crab is due to synchrotron emission by secondary -
produced electrons.

In the region around v = 1016 c/s the apparent index of the synchrotron
spectrun is (Fig.lO) o = l.l; so that the electron spectrum in this region is
of the form n_(vy,) = Kewé-  witn ', = 3.2. Moreover, for these high energy
electrons the dominant energy 1oss process is synchrotron emissicn and Ke is
related to the elecfron production spectrum qe(yé) =-keyé- n(Fﬁ = Te - 1) vy
Eq. (14.1) o

K, =k /o(F_-1), : | o (29.9)

with k related to k_ by Equation (6.1). Calculating the m°-photon flux as
. - l E
in Equations (29.5) and (29.6) and again determining the parameter (hnde) Vok

Trom the supposed synchrotron emission rate [Fb ~1.h x 10727 w/m2 -'(c/s) at

>
v = 1016 ¢/s] one calculates a rf-photon spectrum given by

' -2.2 :
(M =2.2.M . (29.10)

7

For photons of energy T = 10' we find the integrated spectrum with AT/T ~ 1 gives

Lav () an ~ 2.2, ﬂ-l'g ~8 x 1077 photons/cm?-sec. This calculated photon flux
V]

is almost two orders of magnitude above the observational upper limit (Table’%).
Thus, the present preliminary observations are inconsistent with the interpre-

vation o the x-ray emission from the Crad as synchrotron radiation if the

necessary convinuous production of high energy electrons is through secondary
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wrocuction via m-u~-e cecay., IT electirons are produced by secondary processes
&v & lower ernergy anG then accelerated by FERMI processes to energies at which
Trney will radiate synchrotron x-rays, it may be possible to expalin the

coserved x-ray flux without coming into conflict with the results of FRUIN et

In summary,; regarding synchrotron radiation and the relativistic electrons
s . . s . ' L
in the Cradb, provided that the magnetic field is as weak as 10 gauss, the
view that the energetic electrons responsible for the radio and optical radiation

in the Crab were produced in the initial supernova outburst is quite consistent.

-

In fact, the apparent reduction below the extrapolated radio spectrum Fv e Crv

in the optical region may possibly be interpretated as a result of energy
lbsses by the more energetic electrons; that is, higher energy electrons would
have already decayed in energy since the birth of the nebula. On the other
hand, the électrons réquired to produce synchrotron radiation in the x-ray
region would have to be continuously produced.

It should be pointed out that x-rays can also be emitted by the synchrotron
process if electrons which are normally radiating‘in the optical range spiral
into regions of much higher magnetic field. Since the critical frequency is
proportional t§ H this meané that the field must be increased by a factor of
(vx/vo) ~103. Thus tpis would imply that there are regions in the Crab with
magnetic field Strengths as high as J_O"l gauss. - There afe many difficultieé
assoclated with such a model partly because it would require continuous production
of particles which move into regions of high field, since the lifetimes are
proportional to (H)-g. Also;.the mechanism by which such concentrations of
magnetic flux can be maintained is difficult to understand.

Regarding the possibility that the x-rays from the Crab are from_the brems-
strahlung process, we must erprasize again the difficulties of the energy

reguirement if the bremsstranlung is by non-thermal electrons. On the other-
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nani, a5 CLARK [L5] nes empnasized, to explain his ovbservations at 50 keV a
Tengerature o apout 2 x ¢08 K would ve required vo produce such energetic
trermal oremssvraniung. This temperature is about an order of magnitude larger
tnan the values predicted from theories ol the heating of the gas by the shock
Iront resllting from the expanding ejecta. In view of these difficulties, which
seem very great, it would seem that the "least objectionable" explanation for
the x-ray production in the Crab is that the synchrotron process is responsible,
Sucn an explanation hasvalso been suggested by SHKLOVSKY and WOLTJER [68]. This
proolem of the Crab x-ray source has not as yet received a thorough theoretical
treatmrent, and present conclusions must be regarded as tentative.

e) The Galactic Center

30. The x-ray source égr XR-1 at (or near) the galactic center is of
special interest if it is indeed connected with processes in the nucleus of the
calaxy. The first discrete x-ray source discovered [17] was identified with
the galactic enter, although apparently most of the observed counting rate was
éctually due to the stronger Scorpius source which, with the poor resolution,
could not be distinguished from the galactic center. On the assumption that the
X-ray source was the galactic center; we attempted to connect the effect with
prenomena observed in the nuclei of external galaxies and with the radio obser-
vations of the galactic center [2L]. As we mentioned earlier (Sect. 28), our

nitial hypothesis of production by bremsstrahlung by non-thermal electrons meets
with diffi cultles of energy requirements. A more plausible explanation is that

the x-rays are due to thermal bremsstrahlung, in which case the characteristics

(density, mass, etc.) of the source would correspond to those enumerated at the

end of Sect. 28. e

Alternatively, the x-rays from the galactic center could be explained as -
synchrotron radiation. The energies of the synchrotron electrons would then

nave to be very large and their lifetime very short. However, it is interesting
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o pict [4h] the x-rey observaetions of the galactic center along with the radio

39 o trne non-ihermal source, as in Figure 11, The lines are the

.- -
SeUovELLons

A. MAXWELL and B. DOWNS: Nature 20L, 865 (196%).

cxtencions ol the power low spectra derived for indices within limits (-0.T72 +0.05)
sucn &s to fit the raaio data. It is seen that the x-ray point lies within the
limits defined by the extrapolated curves, although the extrapolation is over a
factor lolo in frequency. While this might be taken to meah that a single
riecnanism is responsible for both the radio and x-radiation, it must be rémembered
that the ratio of the lifetimes Tr/Tx of the electrons giv%ng rise to synchrotron
rediation in the two spectral regions v, and v_ is (vr/vx)ﬁ. Since the lifetimes
of the x-ray synchrotron electrons must be very short (~ 30 yr, see.Sect. 28),

and there is apparently no change in spectral index over the radio té X-ray
frequency range, this would mean that the radio synchrotron source was also

formed recently.

f) Solar System Sources

31. The Sun, The solar corona is well known to be a source of x~-rays.
A detailed review of solar x-ray estronomy has been given by FRIEDMAN [49] and
our discussion will be extremely brief. Since the corona has a temperatu;e |
~1106 degrees, the x-ray spectrum will consist of lines and continuum emitted -
in a variety of atomic érocesses; the first detailed computations of the spectrum
waich is emitted were méde by ELWERT [50]. Early observations were made by the
NRL group and since then there have been many observations from rockets and
savellites. References are given by FRIEDMAN. At times of solar activity the
X-ray emission is very grea%l& increased. The quiet sun is emitting in the kev
renge abous 10T erg/sec while at the time of a class 3 flare the emission can
increase to ~11026 erg/sec.

PETERSON and WINCKLER [51], using balloon techniques, detected hard
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radlation in a short burst lasting only a Jew seconds during a 2" flare. They
dcduced that the quenta had energies near 0.5 Mev. Later other observers [52]
al80 Gevected radiation in shorv bursts at the times of flares; these have
enerziec in the range 20 - 80 kev and 20 - 150 kev. A theoretical discussion

ol the y-rays which may be emitted froﬁ the sun has been given by DOLAN and -
FAZIO [53]. It is well known that a burst of high energy charged particles is
éccelerated in a solar flare, and thus a flux of hard radiation is to be expected
along with radio emission and enhancement of the visible light. SHKLOVSKY [54]
proposed that these hard photons are produced by the COMPTON effect. However,

it has been shown by ACTON [55] that the flux of elecfrons required in SHKLOVSKY's
model (~,1o3o ergs of ~ 50 Mev electrons) will produce bremmstrahlung>fluxe§
greatervthan those detected by ANDERSON and WINCKLER [52]. His computationsiﬁ
~show that a similar situation to that described for the Crab (Sect. 29) exists,
i.e., a flux of relativistic electrons moving in any other than an exceedingly
intense radiation field will emit far more quanta by bremmstrahlung than tﬁrough
the COMPTON effect. Thus the hard @hotons emitteq in flares are most likely of
bremmstrahlung or synchrotron origin. The latter mechanism is entirely probable
since the magnetic fields are high and high enérgy electrons are known to be.
Present.

32. The Planets and the Intervlanetary Medium Fluxes of hard quanta may'

be produced whenever charged particles are present. Thus Jupiter and the Earth
both of which contain trapped fluxes of charged particles must emit some x-rays
end y-rays. Discussion of the hard photons associated with the VAN ALLEN belts
lies outside the scope of this article. In the case of Jupiter-the‘total flux

of radio emission which is believed fo be of synchrotron origin is -1016 erg/sec.
We mey suppose that some fraction of the electron energy is dissipated in the

upper atmosphere of Jupiter by premmstrahlung processes which give rise to some
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nerc phoctons. An atiempt To measure X-rays Irom Jupiter in the 4 - 8 kev range
. e+ A ; . 2 .

. [56] set a limit of < 2.k photons/cm® sec. This corresponds

. i e e L, e s 19 S s

¢o seuving & limit to the energy emitted in x-rays of < 10 erg/sec. This is

&r Irom veing a meaningful limit, since the flux of x-rays is likely to be

HAYAXAWA and MATSUOKA [57] have attempted to estimate the amounts of hard
radiation which are produced through the collision of cosmic-ray primaries with
the surfaces of the moon and plenets and the interplanetary medium. Information
can be obtained on the compositions of lunar and planetary material by detecting
the characteristic x-rays which may be emitted from some elements.

g) Hard Radiation from Stellar Coronae

33. Since the sun is the only star whoseAcorona is directly detectible, -
all theories concerning the origin and conditions in a corona have stemmed frém
it. The first éuestion that arises is therefore whether it is plausible to
suppose that other stars have coronae similar to that of the sun. To answer

that question it is nécessary to consider the probable origin and source of

. e o
heating of the solar corona. The theory of the expanding solar corona is based

L;O

E. N, PARKER: Interplanetary Dynamical Processes (New York: Interscience, 1963).

on the concept that the éonvection below the photosphere generateé wave motions
(both acoustic and hydromagnetic waves have been discussed) which propagate up-‘
ward and dissipate, and it is the dissipative heating which leads to coronal -
expansion. t therefore may be supposed that all stars which have exténsive
outer convection zones will maintain expanding coronae. This would imply that
all main sequence‘stars below about F2 (M < 1.5 M®> would have extensive coronae
and tnese svars comprise a considerable fraction of the mass of a galaxy. Also,
all stars in the giant stage of their evolution would have coronae. The critical

Cuestion next is to estimate the average temperature of such hypothetical coronae.
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PARKER nhas pointed out thai corornae heated at tneir bases will have

Uemperaiures ZlVEn approximac 1y oy tie relation GMm./RkT z L, or

H
- 6 4

T = 5.8 x 107 (M/R)°K with (M/R) measured in solar units. For stars on the

nmein sequence M/R is of the order of unity so that coronal temperatures in the

e

rangse 10° - lO7 degrees are to be expected. TFor glant stars M/R is = 0.1 and
for supergiants it is < 0.01. Thus the temperatures of the hypothetical coronae

o . . 6 .
of giants are expected to bve < 10 degrees, while for supergiants they are

>

A

10”7 degrees, and it would appear that only main sequence stars are likely
To have hot enough coronae to emit x-rays. PARKER has given various arguments
Tor supposing that more massive main-sequence stars also may have coronae.
However, the spectroscopic evidence for extended atmospheres in those stars
suggests that the gas has temperatures only Nl'OLL degrees (the heating is by
dilute stellar radiation). Thus it is highly improbable that they have hot™
coronae. | |

In a previous discussion [58] we attempted to estimate the x-ray flux from
the coronae of all of the stars in the galactic disk. There are a large number
of uncertainties involved in making this estimate éihce many assumptions héve to
be made ebout the luminosity function of the stars, etc. However, from the
early work of TUCKER [58] we estimated that the background flux from stars in
the galactic bulge with "quiet" coronae would amount to about L x lO-ll erg/cm?fsec
in the 2 - 8 A region at the earth with an uncertainty of about an order of
magnitude. More.detailed work on this aspect of the problem is being carried
out by TUCKER but the possible flux levels still appear likely to lie in the
range 10710 _ 10718 erg/cm2-sec. Though many stars may be continuously flaring,

vreir integrated contribution is not likely to affect this estimate appreciably.

n) Extragalactic Discrete Sources

35, There is still the possibility that some of the sources are extra-

galactvic, and we consider in parsicular the Scorpius source from which an energy



-
Sllmoel g~ 0 er;/:m -gec is coierved inm The x-ray region. If the Scorpius
Lourse were &t & uypizal galactic disvence (that is, witain our own Galaxy)
- - . . . - a - L2 o s

w._ ~ 10 Koo, 1ts xX-ray lumirosiiy would ve L = 4md CJ. ~olO39 erg/sec. IT it
were atv a tydical intver-galactic disvance (the distance to a nearby galaxy)

- " sren . LAk3

o ~ 1 Zpc, its luminosity would oe L - ~ 10 erg/sec, while if it were at
ical distance (to a distant galaxy) d, ~ 1000 Mpc, its luminosity

erg/sec. Ve now make several observations concerning the

tics of the provlem of establishing the distance to and nature of the
L1 10

Seoryius source., On & cosmic time scale T ~ 10 yr. the energy
LI
Tois vime 1s also roughly the characteristic time for the evolution of a galaxy.
. - . 460 : L . .
L. T~ 3x 10 erg is small compared with the optical energy radiated by a

J‘u

rormal gelaxy (~ 10 err) but a normal galaxy would be expected to radiate a

very much smaller amount of energy in x-rays. No unusual external galaxies are

observed in the direction of the Scorpius source which is about 20° off the

6p]
&

&lactic center, although interstellar extinction of our own Galaxy prevents
observations at lower galactic latitudes (say < 10°). However, there are no
strong radio sources in the direction of Scorpius..'Regarding the possibility
ithat the Scorpius source is a distant galaxy, we note that LC Ts ~ 3 X 1066 erg,
much greater even than the rest mass energy M 2 of a galaxy. Moreover, in the
g .

metter-anti-matter annihilation of & galactic mass which we might conceive took
dlace in a Time << Tos the photon energies would be = 0.5 MeV, not x-ray (keV)
energies. On the other hand, the size of a small radio source, for example a
¢uasi-stellar odject, is s ~ 10 kpc, and the time o fbr a light signal to .

i 12 i . ; ) 61
propagate this distance is s/u ~ 107 sec. The product L Ts is then ~ 10 erg,
—

rougnly the energy Er ol strong radio sources which may be stored in-the relativistic
Darvicles.

-~
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, 1t appears inat normal distant galaxies (including radio
culuxies) are incapadle of producing the oovserved energy flux JE corresponding
G Tnc Scorpius source over evolutionary time scales ~'lolo yr. However, an
ouTburst over & shorter time might be capable energetically of producing the
reguired x-ray luminosity. Let us consider further such a hypothetical out-
surst in a galaxy at a distance d involving the release of an amount E of energy,
ol waich a fraction fY is emitted in high energy photons of mean energy EY. If
the outburst occurs during a time T, the observed resulting photon flux would be

£ E/E
J =X_X_ (3&..1)

kg

or E = 10 erg, d = 1000 Mpe, and with EY in MeV and T in years we have
= 2
JY ~ 170 f\/EYT photons/cm-sec,

anéd for EY ~ 100 MeV (mean energy from n°-decay) and T ~ 1000 yr (time scale

Tor outburst), JY ~ 1073 fY photons/cmz-sec. Unless fY is very small, a flux

of this magnitude could be observeble. The detection of such a discrete source

ol w-rays (or x-rays) might then possibly be interpreted as the-observation of

the birth of a strong radio source. 'Finally, we might mention that DUTHIE et al.[21]
report a possible (~ 100 MeV) y-ray flux of ~ 0.002 photons/cm?-sec from Cygnus A

wnich is at a distance ~ 100 Mpc.

IV. NEUTIRINO SOURCES

35. Any review of the fluxes of hard radiation which may be present in
The universe would not be complete without mention of neutrinos. In principle
detection of neutrino fluxes would give valuable direct evidence concerning con-

ditions in stellar interiors, and also if high energy neutrinos could be observed



'3

The nigh erersy garticle Tlux could be obtained. Moreover,
slucrnee of the enerZy density ol neutrinos in the universe may have cosmo-
ilicance., The subject of neutrino astronomy has been discussed and
reviewed el nauseanm in tne last two or three years following developments in
wac theory of wealk interactions and the realization that neutrino emission
Drocesses will become the dominant energy loss mechanism in the final stages
of steilar evolution. There are a number of recent.papers and reviews which
nave given some account of these processes and their repercussions on stellar
evolution, nucleosynthesis, supernovae and cosmology; full references can be
ovtained in papers by PONTECORVO [59], FOWLER and HOYLE [60), BURBIDGE [61],
WEINBERG [62], FODOR, KBRVESSY, and MARX [63], CHIU [37], and BAHCALL [64].
‘We only give a very brief swmmary here.

While the energy density in the flux of neutrinos is very considerable, so

s

tnat, for example, for a normal galaxy it will be some 4% of the total luminous
. Lo i . X
flux or about Lk x 10 erg/sec, the very small interaction cross-sections

<~ 10'ML

vhe fluxes very difficult of detection. Moreover, no method of detecting low

nvz cm?) , (unless resonances are present, cf. below) obviously make

erergy neutrinos with energies velow those necessary to induce inverse bveta dédays
is xnown. We illustrate the problems by discussing the work on solar neutrinos
and then consider fluxes from more distant stars ané galaxies.

Neubtrinos (ve) are emitted in the normal hydrogen burning processes in

stars., About 2% of the energy released in the p-p chain and about 6% in the CNO

cycie is emitted as neutrinos. -

-Undoubtedly the sun is likely to be the strongest apparent source of
neutrinos and direct detection of them is of the greatest importance. Following
an early suggestion of PONTECORVO, BANCALL [65] and DAVIS [66] have considered

7

in Getail the possivility of the detvection of neutrinos emitted in BeT(e',v) Li
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r . S ; . 27 - T L, . N
& ,v) B¢ Inrough their absorpiion 2270 (v,e”) ar ; the activity of

-y )

2, : . - - 42 . <
<77 o tior usacured., Cnothae Lasls of the bdest solar models BAHCALL [05]
= ~ — s = - - ~ } -~

Se L. SZADSD: hD. de Ly, =77 (;70%).

T R dm S A = Pa] -~ D ot o 3 ~ lo
L& &ovimated tnat tne Jluxes av the eartn's surface will ve 1.2 x 10

. T

2 - 2 e . 8 :
neuvrinos/en”/sec and 2.5 x 107/cm sec from tne decay of Be and B~ respectively.
opm TATIOAT 1 e - S04l -2 = 37 = 37
Jrom BARCALL's analysis ol the cross-sections for C4 (v,e ) Ar°®' DAVIS has

5

v <

concluded that the expected neutrino captures in 10° gallons of ceczh in a mine

would be about 4 - 11 a day which would be an order of magnitude above the back-

37

ground produced by the production of Ar”' by cosmic rays underground through
237 (p,n) ar3T, The flux of detectable neutrinos from the central bulge of
) A : B . D) o ) L 7 8 . s
wae gelaxy will ve less than that from the sun by a factor 10 - 10~ while the
Tlux To be expected from a nearvy galaxy such as M 31 would be less than the sﬁn
19

Dy & factor ~ 107, Wnile neutrinos are emitied in the normal energy producing
cycles in the stars, neutrinos and anti-neutrinos are emitted with positrons
and electrons respectively by beta unstable nuclei in the processes of energy
generatvion and element synthesis beyond hydrogen. However, for a galaxy in a
steady state it is easily shown that the fluxes to be expected are small compared
with those emitted in hydrogen burning.

In the high temperature phases of stellar evolution (for core temperatures
- 8 . s . e . .
> 5 x 107 degrees) neutrino pair emission becomes the dominant mechanism of
energy loss. They arise by a variety of reactions in all of which they replace

O

ohoton emission. An important process is
et e oV 4y . (35.1)
Waile tnis mechanism of energy loss is important from the point of view of the
evolutionary process, an individual object (pernaps the immediate forewarning of
& supernova) would be very difficult to detect even if a mechanism of detecting

T

i1ow energy neutrinos were Tound, because of the very short time scale associated
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weve DL eVOoLuTlonery bphases. Unus, Tor exampie, FOWLER and HOYLE [60] hnave
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:ooruloied That 1T one solar mass in tre center of a massive star reaches a

T
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cegrees the neucrino flux will amount to ~ 10 erg/sec.
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Tew seconds. At a later stage, after a

SvLr Lan cxploced and 1f a neutron configuration remains, the initial neutrino

g
Jlwt for & core temperature of 109 degrees will be much less (see [39], [L1],

#e Turn Tinally from the low energy neutrinos emitted in stellar evolution
TO consider the possibility as to whether high enersy neutrinos (Ev 2 100 MeV)
Lre cmivied in supernova ottbursts and from radio sources in which large fluxes
o nign energy vparticles are present. Neutrinos are produced whenever a flux of
. hizn energy nuclei interacts with the nuclei of the local gas atoms
0 produce pions. In the 1 - b — e decay of the charged pibns both neutrinos
and antineutrinos‘of the electron and muon type result. That is, in the pion

aecay

A +
TO- W 4+ v, ‘ (35.2)

wnile in the muon decay

u+ - e+ R

T e y
R - (35.3)
B e + ve + VM .

: . . R . - - .
Tius, a single charged pion pair w , T results in 2(vu + vu) + (ve + ve); twice

&5 many u-neucrinos as e-neutrinos are produced. In the pion decay the muon is

[0}

ssentially non-relativistic in the rest frame of the pion and most of the

. X . . 2 2
energy is carried away by the neutrino; here E, z;(mﬂ - mu)c a:%-mhc . In the
2

A . . 1
muon aecay the mean neutrino energy is about 3 mpc g,% m c2

- in the rest frame

O The muon and pion (see Sect. IId) . Tnus, the mean lab energy of the neutrinos

- L ~ - -~ : 1 2 ™

-1 Dotn cecays Is about £ y_mC =+ E
W ks

=]
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run and is of e form similar to that Tor the production
r

(17.5)], that is, dn /a7 dt = n, T where

.. 1o the index of Ine pion production spectrum. The ratio of the (anti)neutrino

- R
o

wroduction spectrum (or of the spectral fiux) to the m-decay photon spectrum
N . . - + -
“t the same T, 1s, assunming egual number of m , m , ™ produced, roughly .
(o /v) 2-(1” ) —
vV j
N B Y/same ll
(35.4)
.

Y} : ~
\.C/Y/%ame i
L/FCALL and TFRAUTSCHI [67] have discussed the detection of high energy

reutrinos and have considered the possibvility of observing a neutrino flux from

vne Crav Nebula and other radio scurces. They assume neutrino production via
T - W decay, which implies also continuous production of pions and w®-decay

pvhotons. Assuming a continuous constant production of high energy radio

electrons through m-u decay in the Crab since its birth, the associated n°-decay

photon Ilux was calculated in Section III [Eq. (29.8)]. The corresponding

neuvrino flux is of the same form

-T
3,() =k T, (35.5)

P S s ; 0.k6 | L o2 -1 )
with be = 1.54. TFor p-neutrinos k a2 x 1.0 x 10 cm — sec —, while for
b

z:% kK . This neutrino spectrum and also the n°-decay photon

<3

c-neutrinos
e

spectrum is associated with (if there is continuous production) the radio

Tt ; - T 1k e . )

synchrotron. spectrum for 10' ¢/s <v <107 c¢/s and with electron energies

OAO< /~-"5 nm o - T A T A ,, -

2v Y. <0 x 107, The range of ﬂv over wnich Ecuation (35.5) should represent

<
tne reuvrino spectrum is the same as the range of Yo that is for
~oC MeV £ E < 300 BeV. A neutrino spectrum similer to Equation (35.5) was

werived by BAHCALL and FRAUTSCH However, we couotv that such a neutrino flux
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rES. . Sectlon I we showed that there is

oIngt convinuous producvion via w-p Gecay of very high energy
Ccolirons walch woula produce synchrotron radlation in the optical - x-ray range;
the lifetime ageinst symcnrotron losses Tor the radio and optical

LSoreover,

¢lccvrons in the Crab is longer ithan the age of the nebula., We therefore feel
Thal proveoly there is litile or no continuous production of radio electrons in
trne Crab and no associated neutrino or m°-decay photon production.

Regerding possible neutrino production in other radio sou}ces, in particular
in cxiregelactic objects, similar considerations apply. IT there does exist
comvinuous production of radio electrons via m-p décay, and a steady state exists,
vinern vhe erergy radiated in neutrinos would be comparable to the total energy
" cxlvted in synchrotron radiation by the relativistic electrons produced with the
neutrinos. For "mormel" radio galaxies with steep spectra (index o a~ 0.8) most
oI the neutrinos produced would have fairly low energies (Ev ~ 100 MeV), while
cources with flat radio spectia (e.g., Crab Kebula, 4 82) might be‘expected to
emit predominantly higher energy neutrinos (say, Ev ~ 100 BeV). The strong
extragalactic radio sources and quasi-stellar objeéts would be emitting lower
eneryzy neutrinos with Ev ~ 1 BeV at power levels of lOmL - thS erg/sec.

nowever, it appears probable now that such steady state conditions are rnot
present in these sources, so that even if large proton fluxes are present, the

43

reutrino fluxes will be much lower than this ~. On the other har. it is possible

C. R. BURBIDGE, E. M. BURBIDCE, A. R. SANDAGE: Rev. Mod. Phys. 35, 97 (1963).

Tnat al an early phase when a violent outburst in a galaxy gives rise to some
10 ergs of nigh energy particles (perhaps over a reriod of 1000 years),
large Iraction of which may be protons, the collisions of some part of these with

e Interstellar gas tefore they escape into regions of very low density mignt

sive rise to a Tlux of aligh erergy neutrinos several orders of magnitude greater



conditions. Thus one might expect

Lo Chcerve DOUL neutrinos end w0 -decay dhotons from a violens outburst in a

colexy (see Sect. III).

-

The possivility of detecting such fluxes of high energy neutrinos has been
oy BAHCALL and FRAUTSCHI [67]. They have pointed out that the very
¢rocs sections for the interaction of neutrinos with matter mean that from

viry strong radio sources with a dominant proton flux only one neutrino-induced °

evcnt per day would be experienced in e lG> ton avsorver. However, as BAHCALL

(1
H

cénd IRAUTSCHI have Dbroposed, the possibility exists that resonances in neutrino

interacition processes are present. As vhey suggest, the reaction
- - = +
V. o+te -V o+ (35.6)

may have a resonance and may be detected by neutrino interactions with material

in the earth's crust. Clearly a great ceal of information might be gained from.

coscrvations of neutrinos from extragalactic objects. Thus thg most pressing

requirement is to devise a neutrino telescope which has good angular resolution.
)

SAHCALL and FRAUTSCHI have suggested that the muons ejected in (35.6) may enable

Tthis to be achieved.

V. CONCLUSION

36. We have tried to summarize those mechanisms which may give rise to
aard radiation in the universe. A% bresent, apart from observations of the sun,
tnere Is little observational evidence which can be used in conjunction with the
Theoretvicel estimates, The brilliant work of the NRL, MIT, and Lockhéed groups
LGS snown that there are sources of x- rays at rlux levels which are detectable
with present technigues. Moreover, The absence of a large isotropic flux of

rays hes enabled us o set Limits on the verperature of the intergalactic medium.



foo JnronDoy-TLYS are coniern it I1s nov yet clear wnether nign energy y-rays
Lre wresern et tne flux levels calculated in Section II. The detection of high
crersy neultrino Tluxes would ve very exciting but the preliminary results must
e viewed with caution,

vWnal are the possivilities Tor further investigations in tnis field? To
o tne paraliel of this field of research with that of the early days in radio
wolronomy is strong. There is one major difference, however,.and this concerns
Trv epsgrevisir SXREERERI3NE th the rielq.

e orlosion Drom tne 20Smos wWas

The discovery of significant fluxes of emission Irormr the cosmos was

Totally unexpected, and in the first decade after the war theoreticians only

Jracuslly ¢

The synchrotron

ame to understand that the process oy wnich the

necnenis

non-tnermal sources

e
Dill o

Cf course tne process of thermal emission

Py

was well wndersvood but could not explain phe strength or the spectral character-
istics of the bulk of the radiation. During this period there was much confusion
JOThe uicaposited anoture of the diszoveries and It was the interplay
SUUWECI UG Thnecry and owiical ovservavion which led to the elucidouion ol the
meclanism oy winich the sources radiate., The theoretical proolen then devolved

v

lato taat of understanding now

NSy

luuoxA\.a [V

Tiela originate.

the vast fluxes of relativistic particles and

As Tar as the hard radiation is concerned, the physical mechanisms by
wiich sucn radiation cén ve emivted are well known and the level at which flﬁxes
nove veen detected (or not detected) suggests that no cojects with the unexpected
cuaracter oF the radio sources are lixely to ve found by coservaitional techniques
In Unls energy range. If hard radilatiorn is emitted by Lot bodies such as
noutron svars, then thney must have very not surfaces and they will cool very
TCPilly and soon cease To emit nard rediation.

ULAT Is possivle thnat

sereraved In supernova OouToursts vaey may well ha

If very hot low density regions
ve much longer lifetimes

. ve devected (cf. Section III). Otherwise
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parvicies wWith maitter, radlaticn, or magnetic Tields. Knowledge
Cwinta throusn cogmic-ray and radlo astronomicel discoveries enavles predictions
©C oe nmede ol the Ifiuxes of nard ratiation to be expected with a range of
narimoevers associated with the present uncertainties in these quantities. Thus
Geuicvion and even non-Getection of hard radiation will be most valuable in
Gevermining the state of metter and radiation in the universe.

betwgen the developments in radio astronomy and x-ray, wvy-ray,
unG ncutrino asvronony is very close when we consider the problem of the discrete
sburces. In the early days in radio astronomy resolution was very poor and at
least one ol the strongest sources was put in the wrong constellation by one
notable group of investigators. All of the major develoﬁments in the study of
Giscrete radio sources have come in step with the increase in jrecision with
wnich positions of sources could be determined. This has enabled the objects

To be ooserved optically with large telescopes. With optical identification

has come measurement of distance and with this a beginning of quantcitative study
Oor the physical conditions in “%he sources. I is fhe absence of a method of
cetermining the distance of an extragalactic source which has required the

v
h
s

cocperation ol optical and radio telescopes . The same situation apoears to

In principle the 21 cm line is & powerful tool Tor determining distance by
redsnift measurements, but in practice it cannot be used since to detect the

reature in galaxies at only very modest distances (= 20 Mpc) is beyond the

cipability of present day radio telescopes.

GPPLYy in wy-ray and x-ray astronony, since the flux emiited in lines will in
Jeneral ve small., A consideravle improvement ir .esolution is reguired in orcer
Lo Gevermine better pesitions for the x-ray sources so far detected. The lunar

Sccusvation ovservation of the Crev bty the NRL group is a first step in this



“ircculon end av the vime of wriitirg a more accurate position for the Scorpius
wrze is veing octained. Alrealdy the comviration of ovservational arguments
cCaverning the engular dlameter and speciral characierisiics of the Crab source

vogesner with thneorevicel discussions of the cooling rate for neutron stars

ilecds to vhe conclusion that this source is almost certainly not a neutron star,

it is clear thet the various theoretical estimates of fluxes which we
Lave ziven in this paper suggest that a great increase in sensitiviﬁy of
detectors as well as good resolution will be needed to exploit this field to
Tne utmost. Finally, it is not out of place to remark that the X-ray observatipns
nave already shown that the universe is not very hot, and it may in fact be
racther cool. In this case, aparc from the neutrino flux which is part éf the
general cosmological thermal radiation field, the flux of hard radiation may be
rather weak.
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material prior to publication. We wish to thank Mrs. Jean Fox for typing a

O

ifficult manuscript with expedition and efficiency. This research has been

supported in part by the National Science Foundation and in part by NASA througﬁr
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X-RAY SOURCZS

(after B0WYZR et al. [273)

Covree E R. A. .? (1950) Dec. E Flux (a)

' | : (counts/cm?-sec) (10-8 ergs/cnﬁlsec)

| (b) ()

Toy M3-1 , 05 31.5™ i 22.0° E 2.7 g 5.5 % 1.1
Seo XR-1 16" 157 é -15.2° % 18.7 i 38 ? 7.9
820 XR-2 | 17t gt é -36.4° % 1.k . 2.9 é 0.6
Sco XR-3 f 17 23" % -Lh, 30 E 1.1 % 2.3 i 0.5
Ovh %R-1 % 17" 3™ % -20.7° % 1.3 i 2.7 % 0.6
Cor XRel g 178 55T ; -29.2° | 1.6 % 3.3 % 0.7
T KR | 18" 10™ | -17.1° : 1.5 ; 3.0 % 0.6
Ser XR-1 é 18w 5.3° % 0.7 L i ©.3
Cyz XR-1 ? 19h 53" % 34.6° % 3.6 ; 7.3 % 1.5
Cys XR-2 % 21" 43" % 38.8° %- 0.8 i 1.7 i 0.4

: ; { . : |

(2) Uncorrected for atmospheric absorption. Measured 1/4-mil Mylar window

T

(c) Computed for 5 x 106 deg K black vody, 1.5 - 8 A

(») Computed for 2 x 10' deg K black body, 1.5 - 8 A
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(after COULD arnd ZURBIDCGE [2-))

. Logarithmic X-Fluorescence K _ Wavelength
- Abuﬁdancel Yield ' (A)
.60 0.00126 L5
8.05 .00223 _ 31
8.95 .00397 2k
6.0 00635 | 18
e 8.70 .00963 ’ 15
6.30 .01Lo 12
7.0 .0197 9.9
£ 6.22 L0269 8.3
Si 7.50 | .0360 7.1
P 5.40 .0468 6.1
s 7.35 0597 5.4
6.25 | ~.0T7h8 b7
6.38 .0923 k.2
L.82 112 3.7
6.19 ) .13k 3.4
2.85 .158 3.0
L.89 .184 | 2.7
3.82 212 , 2.5
5.38 2k1 2.3
5.12 .272 - 2.l
6.57 0.30L 1.9
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UPPar LIMITS TO THE HIGH EIERGY PHOTON FLUX FROM VARIOUS SOURCES

(after TRUIN et al. [48])

Photon Flux

(photons/cm2-sec)

Crab Nebula
3C1LT
3C196

3C273

1 x 10'10
1 x lO_lO -

5 x 107

3 x lO-lO
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PIGURL CAPTIONS

Electron enerzy loss rate in the Galaxy oy synchrotron emission (S),

lzakage out of the halo (L), oremsstrenlung (B), COMPTON scattering (C),
né ionization (I).

Electron enerpgy loss rate in the irntersalactic medium by synchrotron
emission (S), cosmic expansion (E), COMTPON scattering (C), bremsstrahlung
(B), and excitation of plasma oscillations (P).

Calculated energy spectrun of relativistic electrons in the galactic haio
end in the intergalactic medium.

Optical thickness T as a function of wavelength A\ in the x-ray range for
photons traversing a distance of 1 kpc in which the matter is gaseous

and atomic at a cosmic abundance with n(H) = 1 cm-3.

o+

Optical thickness T as a function of photon energy E at very high energies

5
27 . . . .
for photons traversing 5 x 10°' cm of intergalactic matter in which the
radiation field is PLANCKian with kT = 0.5 eV with a total energy density
of 0.01 eV/cm3. |

Calculated high energy photon Background fluxes from synchrotron radiation,
COMPTON scattering, bremsstrahlung, and m®-decay. The wnprined-designated
spectra represent the galactic contributions and the primed denote the
spectra from the intergalactic medium. Observational points are denoted
by circles and arrows (limits). The letters next to the points refer to
the ovservers (see Table 1),

The spectrum of the line Tluxes anticipated from the Crab Nevula as
calculated by CLAYTON and CRADDOCK [36].

Cooling rate as a function of temperature. /ﬂe denotes the rate of

change of the free electron kinetic energy density. Cooling by brems-

strahliung (B line emission following inelastic electron collisions (L
) < J
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. N Y e G
se + ¢+ N+ 0 +Ne + Mg, and

<. 9 A-roy productlon raves in the 1 - 10 xeV range by bremsstrahlung (B, ),
e
recorpinavion radiation (R) end the line emission (L). The bremsstrahlung

ruve (3. in toe 10 - 20 keV rarnze is also shown. Ions of the
\ <

10

., Tollowirg elements have Dbeen included: (3 Blo) H + He, (L) Ne,

l’

o

and (R) H ~ He + £ + O + Ne. The line emission is due Lo the 1s - 2p
transition in Ne+9 (E = 1.02 xeV). This is the strongest line emitted
in L - 10 xeV range.

¥15. 10 The ooserved emission continuum of the Crab Nebula in the radio (R),
ogtical (0) and x-ray regions (X1, X2). The observational data is
snown somewhat schematically, the rectangles showing errors iﬁ the
observed fluxes. The point at the highest energy represents an upper
limit [L46].

Fig. 11 The observed radiation spectrum from the galactic center. Dots denote
The radio observations; an x denotes the x-ray point, determined from

an energy flux 1078 erg/cm?-sec and bpandwidth Av/v = 1 at v = 1018 c/s.
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